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Abstract 
With the declining amount of fossil fuel resources, the need to develop sustainable 
processes that produce liquid hydrocarbon fuels has stimulated an explosion of research 
in biomass conversion technologies. One of the simplest biomass conversion methods 
that results in a liquid hydrocarbon fuel is catalytic biomass pyrolysis. Catalytic biomass 
pyrolysis has been examined from process technology and catalyst discovery points of 
view, but the lack of a well-defined catalyst with known molecular structure(s) has 
hampered the development of catalyst structure-activity relationships for value-added 
chemicals and fuels.  
Supported Al2O3/SiO2 catalysts were synthesized and extensively characterized 
using ex situ high field 
27
Al NMR spectroscopy, in situ Raman spectroscopy, in situ IR 
spectroscopy, and adsorption of probe molecules (CO and NH3) to determine the precise 
molecular structures and chemical nature of the surface AlOx acid sites. The supported 
Al2O3/SiO2 catalysts underwent significant structural changes upon dehydration and 
possessed three distinct surface aluminum oxide sites, surface AlO4, AlO5 and AlO6 sites. 
Additionally, two surface Lewis acid sites (LAS) and four Brønsted acid sites (BAS) 
were identified. Medium strength LAS are from NMR-invisible surface AlO6 sites that 
convert into surface AlO4 sites upon dehydration. The strongest LAS and strongest BAS 
both correlate with the presence of NMR-visible AlO5 sites and the second strongest BAS 
is associated with NMR-visible surface AlO4 sites. 
Changes in the catalyst/biomass structure and the evolution of pyrolysis products 
were monitored under real pyrolysis reaction conditions using in situ IR spectroscopy and 
 2 
operando Raman spectroscopy-Mass spectrometry. For the first time, the evolution of 
key pyrolysis products from biomass and its constituents was correlated with acid site 
nature and surface AlOx molecular structure(s), establishing the first structure-activity 
relationships for catalytic biomass pyrolysis. Several surface reaction intermediates exist 
on the catalyst surface for the cellulose and hemicellulose fractions of biomass, and their 
monomers; including furan, conjugated alkenes, alkenes conjugated to aromatic rings, 
and small ring alkenes. No reaction intermediates were detected during catalytic lignin 
pyrolysis and only a minor amount of surface furan was detected during catalytic wood 
pyrolysis. 
Based on real-time mass spectrometry results, many reaction pathways were 
identified. The dehydration of xylose into furfural was shown to be catalytically 
enhanced at low temperatures (~170
o
C), demethylation of toluene/xylene into benzene 
was demonstrated to be a viable reaction pathway, aromatic polymerization was found to 
be the main catalyst deactivation mechanism, and aromatic (de)polymerization is 
responsible for the release of high molecular weight aromatics (naphthalene, 
phenanthrene, pyrene, etc.) at high reaction temperatures (> 400
o
C).  
The monomer sugars glucose and xylose utilized different catalytic active sites, 
usually of weaker acid strength, for biomass pyrolysis than their polymers cellulose and 
xylan (hemicellulose). Notably, for cellulose and lignin catalytic pyrolysis nearly all 
products correlated with strong BAS associated with AlO5 or AlO4 sites. Additionally, 
supported Al2O3/SiO2 catalysts were found to selectively break lignin propenyl group and 
methoxy group bonds to produce enhanced amounts of phenol, 2-methoxyphenol, and 
 3 
2,6-dimethoxyphenol relative to non-catalytic lignin pyrolysis and lignin pyrolysis with 
zeolites. 
The cellulose fraction of biomass produced more anhydrosugar products 
(levoglucosan and levoglucosenone), hemicellulose (xylan) produced more furans, and 
lignin produced more phenolics. Correlations between catalytic active sites and catalytic 
wood pyrolysis products could not be established. This is because wood is a sum of its 
constituents and the resulting wood pyrolysis product trends were non-linear 
combinations of the trends observed for the individual components of biomass. In 
general, supported Al2O3/SiO2 catalysts produced more furan-based compounds than 
reference HZSM-5 catalysts, which produced more 6-membered ring aromatics. 
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1. Background 
Finite petroleum resources, increasing petroleum prices and our reliance on foreign oil have 
become large societal concerns in recent decades, causing a search for new, renewable and 
energy-efficient sources of liquid hydrocarbon fuel. With biomass being the only sustainable 
source of carbon, advances in technology for biomass conversion are critical for the development 
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of renewable liquid fuel sources. Currently, biomass conversion processes are too inefficient to be 
utilized as the primary source of liquid fuels and modern biofuel is simply blended with 
petroleum based fuels to help lower costs. The dream of a completely sustainable biofuel can 
come to fruition only through fundamental research on the biomass conversion process.  
The catalytic pyrolysis of biomass has been identified as an alternative route for the 
production of liquid fuels and value-added chemicals.
1
 The current state of research in this field 
focuses on improving the biomass conversion process through technological and process 
development and catalyst screening. While the process development research being conducted is 
empirical, the catalyst screening studies only seek to discover an improved catalyst based on 
existing formulations, not to understand how the catalyst works.
2
 Significant scientific 
understanding and improvement can only come from a fundamental research approach to all 
aspects of biomass conversion. 
The work presented in this dissertation focuses on the production of liquid hydrocarbon fuels 
and value-added chemicals by biomass pyrolysis using solid acid, mixed oxide catalysts. State-of-
the-art operando spectroscopy techniques, combining molecular characterization and real-time 
product detection of reaction products in a single experiment, will be highly utilized in an attempt 
to yield insight into how the composition of biofuel from pyrolysis that relates to a specific 
catalyst molecular structure The studies herein attempt to establish structure-activity relationships 
for mixed oxide catalysts across multiple pyrolysis reactions with model compounds and main 
biomass components that will lead to the rational design of advanced biofuel-producing catalysts 
and, eventually, a sustainable source of liquid fuel. 
This opening chapter presents a review of topics related to molecular characterization 
techniques and the production of liquid fuels from biomass to establish a foundation of 
knowledge for understanding the subsequent chapters. Rationale behind approaching the 
challenges of biofuel production is also presented. Subsequent chapters will investigate the 
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reaction mechanism of biomass pyrolysis with model compounds (simple sugars), main 
components of biomass (cellulose, hemicellulose, lignin), and, finally, whole plants. 
 
1.1 Biomass Conversion: Routes to Biofuels  
A 2005 U.S. Department of Energy (DOE) and U.S. Department of Agriculture (USDA) joint 
study determined that 1.3 billion dry tons/year of non-food biomass could be sustainably 
produced in the U.S., which has an energy equivalent of 10.4 million barrels of oil/day.
3, 4
 This 
accounts for ~54% of the petroleum consumed (19.1 million barrels/day) by the U.S. in 2010 and 
~49% of the total liquid fuels consumed in 2009.
5, 6
 Lignocellulosic biomass is inexpensive ($5 to 
$15 per barrel of oil energy equivalent), abundant, fast growing and does not compete with the 
production of food crops and, thus, it is considered as the most desirable feedstock for biomass 
conversion.  
Lignocellulosics are obtained from non-edible plant matter (e.g., switchgrass, 
agricultural/forest wastes, or wood) and are composed of three primary organic compounds: 
cellulose, hemicellulose, and lignin. A significant challenge with the conversion of biomass to 
biofuels is the efficient removal of oxygen, as CO2 and H2O, from the biomass feedstock, with 
lignocellulosic biomass typically containing 40-45 wt% oxygen. Less oxygen equates to a higher 
energy density, however, small amounts of oxygen can provide desirable combustion properties 
to the fuel.
1, 2, 4
 Conversion of lignocellulosic biomass to biofuels currently proceeds by 
converting the raw biomass to a suitable intermediate form and then reacting the intermediate to 
the desired products. 
Typical routes from raw feedstock to products include: 1) gasification to syngas (CO and H2) 
followed by methanol or Fischer-Tropsch synthesis, 2) pyrolysis or liquefaction to bio-oils 
followed by hydrodeoxygenation (HDO) or catalytic upgrading to fuels, or 3) pretreatment and 
hydrolysis to C5/C6 sugars followed by aqueous phase processing, dehydration, or fermentation to 
value-added chemicals or fuels.
1, 2, 4
 The production of bio-oils is advantageous since it only 
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requires a single reactor, can utilize a wide 
range of feedstocks, and a large fraction of the 
biomass energy (50-90%) can be converted 
into bio-oils. While both liquefaction and 
pyrolysis technologies can produce bio-oils, 
pyrolysis conditions (1-5 atm, 375-525
o
C) 
translate to lower capital costs than 
liquefaction conditions (50-200 atm, 250-
325
o
C).
4
 A significant portion of biomass 
conversion research and development is 
focused on improving pyrolysis processes and 
technologies to achieve high yields and selectivities of fuel-range or value-added chemicals. 
Aqueous phase processing/reforming technologies are also under extensive research and 
development. Although aqueous phase processing typically requires costs from pretreatment and 
hydrolysis steps, the aqueous biomass solution can be selectively converted into hydrocarbons 
with a targeted molecular weight or structure.
7-11
 
The work in the dissertation will focus on biomass conversion via pyrolysis because this is the 
first and key step in decomposing biomass.  
 
1.2 Lignocellulosic Biomass Composition 
Lignocellulosic biomass is composed of three main components, cellulose, hemicellulose, and 
lignin, as well as a lower concentration of various other compounds such as acids, salts, or 
minerals, as shown in Figure 1.1.
12, 13
 The ultimate analysis of these components indicates that 
they are composed primarily of C, O, H, N, and S, as given in Table 1.1.
14
 Cellulose is present in 
the form of microfibrils and provides the plant cell wall with mechanical strength.
15, 16
 
Hemicelluloses are polysaccharides composed of many different C5 and C6 sugars and its most 
Hemicellulose
20-40%
Lignin
15-25%
Other
5-35%
 
 
Cellulose
30-50%
 
Figure 1.1: General composition of 
lignocellulosic biomass.
12
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important biological role is 
also to provide mechanical 
strength to a plant cell wall 
by filling the gaps in 
between and cross-linking with cellulose.
17, 18
 Lignin is an amorphous polyphenolic compound 
that is found primarily in the secondary plant cell wall.
19, 20
 Its role is to provide additional 
strength and elasticity to the cell wall and to decrease the permeation of water. Knowledge of 
how each component interacts in plants and their individual chemistry will allow for a complete 
understanding of the product yield from biomass pyrolysis. 
 
1.2.1 Cellulose 
The primary structure of cellulose is a linear homopolymer of D-glucose monomers connected 
by β-(1–4) glycosidic linkages with the molecular formula of (C6H10O5)n. At one end of the 
cellulose chain, the D-glucose unit is terminated with a C4-OH group (nonreducing end) and the 
other end is terminated with a C1-OH group (reducing end). Cellulose may be found as one of 
four different crystal structures (named cellulose I, II, III, and IV), of which cellulose II is 
monoclinic and the most stable.
21
 As previously mentioned, cellulose microfibrils provide 
mechanical strength to both the primary and secondary plant cell walls.
15, 16, 19, 22
 It is the most 
common organic biopolymer with an estimated annual production of 1.5 x 10
12
 tons.
21
 As a raw 
chemical material, cellulose has been used for energy, building materials, clothing, thermoplastic 
polymers, and more. 
 
1.2.2 Hemicellulose 
Hemicelluloses are more complex than cellulose and are composed of five general classes of 
structurally different cell-wall polysaccharides: xylans, mannans, β-(1→3, 1→4)-glucans, 
glucomannans, and xyloglucans.
17-19
 The term hemicellulose was coined at a time when many 
Table 1.1: Ultimate analysis of 86 varieties of biomass.
14
 
  C O H N S 
Mean 51.30 41.00 6.30 1.20 0.19 
Minimum 42.20 16.40 3.20 0.10 0.01 
Maximum 70.90 49.00 11.20 12.20 2.33 
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polysaccharide structures were unknown and, as such, there is still debate about what does and 
does not belong in this already heterogeneous group. Recent effort has tried to strictly define 
hemicelluloses as polysaccharides that contain equatorial β-(1→4) linked backbones of glucose, 
mannose, or xylose.
18
 The most important biological role of hemicellulose is to provide additional 
mechanical strength to a plant cell wall by filling the gaps in between and cross-linking with 
cellulose.
17, 18, 22
 All hemicelluloses show structural differences between different plant species 
and even within the same plant. The reader is referred to two in-depth reviews for more 
information on all types of hemicellulose.
17, 18
 
 
1.2.3 Lignin 
 Lignin is an amorphous and cross-linked polyphenolic material that arises from the 
polymerization of its three monomer moleculars, coniferyl alcohol, sinapyl alcohol, and p-
coumaryl alcohol.
17-20, 23
 These alcohols only differ in their degree of methoxylation. The 
monomers of lignin are linked by carbon-carbon bonds and ether bonds. The characteristic cross-
linked amorphous network of lignin occurs as a result of trifunctionally linked monomers that 
create branching sites. The most frequent linkage in the lignin network is the β-O-4 (β-aryl ether) 
linkage, which is also the most easily cleaved bond.
20
 Lignin’s main roles are to provide 
additional strength and elasticity to the cell wall and to decrease the permeation of water. 
Knowledge of lignin’s structure and biosynthesis is rapidly advancing every decade. The reader is 
referred to several reviews for the most updated information on lignin.
20, 23, 24
 
 
1.3 Biomass Pyrolysis 
Biomass pyrolysis is the thermochemical conversion of biomass, in the absence of oxygen, 
into non-condensable volatiles (gas), condensable volatiles and non-volatile chemicals (liquid 
bio-oil), char and coke (solids).
1, 4, 25-29
 The pyrolysis process involves heating biomass at a 
specific rate to moderate or extreme temperatures where it decomposes into the desired products. 
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A catalyst is often employed to achieve a greater removing of oxygen and higher selectivity 
toward desired products. One of the greatest advantages of pyrolysis, in the author’s opinion, is 
that nearly any organic feedstock can be used to produce value-added chemicals, including 
pristine lignocellulosic samples, municipal solid wastes (food waste, clothing, etc.), 
biological/metabolic wastes (manure), or other often disposed of items.
30-32
 In practice, biomass 
pyrolysis is carried out in one of two regimes: fast or slow pyrolysis. 
 
1.3.1 Slow Pyrolysis 
 Slow pyrolysis utilizes slow heating rates, usually between 0.1-10
o
C/min, and often long 
vapor and solid residence times of up to 15 mins. The maximum pyrolysis temperature is also 
fairly low (400-600
o
C) when compared to fast pyrolysis (450-900
o
C). These particular reaction 
parameters favor secondary coking and high degrees of polymerization, maximizing the char and 
coke yield.
25, 26, 33-35
 Particle size influences are considered negligible since heating is slow. For 
slow pyrolysis, the typical yield of solids, liquids, and gases is 30, 30 and 40 wt%, respectively, 
but can vary considerably depending on the technology and feedstock.
33
 Slow pyrolysis is 
particularly attractive for fundamental studies that utilize real-time spectroscopy characterization 
since most commercial spectroscopy systems cannot perform high quality measurements on the 
order of milliseconds needed for fast pyrolysis.  
 
1.3.2 Fast Pyrolysis 
Fast pyrolysis utilizes fast heating rates, usually between 10-1000
o
C/min, and short vapor 
residence times less than 5-10 seconds. The maximum pyrolysis temperature is usually higher 
than slow pyrolysis, between 450-900
o
C. The fast pyrolysis reaction parameters prevent 
secondary reactions from occurring and favor the formation of gaseous products.
25, 33-41
 
Patwardhan et al. demonstrated that vapor residence times of 1 or 2 seconds are still long enough 
to facilitate secondary reactions.
41
 Biomass particle size is also a very important parameter for 
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fast pyrolysis systems because biomass has a very poor thermal conductivity (0.05-0.1 W/mK).
42
 
A small particle size ensures that the fast heating rates are not retarded by poor heat transfer. 
Yields of up to 70% liquids or gases can be achieved depending on the operating conditions and 
feedstock.
33
  
 
1.4 Platform Chemicals from Biomass Conversion 
Analyses of bio-oil have reported hundreds of different molecules including aromatics, 
oxygenates, acids, phenolics, aldehydes, ketones, ethers, etc.
43-46
 In the last decade, Pacific 
Northwest National Laboratory (PNNL) and the National Renewable Energy Laboratory (NREL) 
have produced extensive reports that distill a list of top value added chemicals from biomass.
47, 48
 
Tables 1.2 and 1.3 list some of the top candidates from the PNNL and NREL reports for sugars 
and lignin, respectively. While this is an extensive list, the author believes that a few families of 
chemicals also need to be highlighted for their rich chemistry and chemical derivatives. 
The molecule 5-hydroxymethylfurfural (Abbreviation: 5-HMF, IUPAC: 5-(hydroxymethyl)-2-
furaldehyde) has several useful derivatives including 2,5-diformylfuran (2,5-DFF), 2,5-
dimethylfuran (2,5-DMF), 2,5-bis(hydroxymethyl)-furan (2,5-BHMF), 2,5-furandicarboxylic acid 
Table 1.2: Top 30 value added chemicals from biomass sugars.
47
 
Carbon 
Number 
Top 30 Candidates from Sugars 
1 Carbon monoxide & hydrogen (syngas) 
2 None 
3 
Glycerol, 3-hydroxypropionic acid, lactic acid, malonic acid, 
propionic acid, serine 
4 
Acetoin, aspartic acid, fumaric acid, 3-hydroxybutyrolactone, 
malic acid, succinic acid, threonine 
5 
Arabinitol, furfural, glutamic acid, itaconic acid, levulinic acid, 
proline, xylitol, xylonic acid 
6 
Aconitic acid, citric acid, 2,5 furan dicarboxylic acid, glucaric acid, 
lysine, levoglucosan, sorbitol 
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(2,5-FDCA), and levulinic acid, of which the last two are included in Table 1.2.
49-53
 Several 
derivatives, 2,5-DFF, 2,5-BHMF, and 2,5-FDCA are used in the manufacturing of polyamides, 
polyesters, and polyurethanes, among other applications.
52
 2,5-Dimethylfuran has been pursued 
as a transportation fuel because it has a 40% higher energy density compared to ethanol, which is 
currently used as fuel.
54
 Finally, levulinic acid is a building block itself and can be further 
transformed into chemicals for fuel, herbicides, and plastics.
55
 
Levoglucosan, which is included in Table 1.2, and levoglucosenone, which is not include in 
the tables, are primary products of cellulose pyrolysis with yields as high as 58%.
56
 These 
products form when cellulose depolymerizes into anhydrosugars and are valuable platform 
chemicals. They both can be further refined into pharmaceutical precursors or transportation 
fuels.
57, 58
 Levoglucosenone can be transformed into C-glycosyl compounds which have rich 
biochemistry and applications in antibiotics, anti-inflammatory, and antitumor drugs.
59
 
Furfural is included in the list in Table 1.2 and possesses rich chemistry that deserves mention. 
Many important derivatives are produced by subsequent reactions of furfural including furan, 
furoic acid, 2-methylfuran, dimethylfuran, furfurylamine, and 5-HMF.
50, 60, 61
 Furan can be 
hydrogenated into tetrahydrofuran and blended with gasoline, furoic acid is a feedstock in organic 
synthesis, and furfurylamine is used in the manufacture of pharmaceuticals and pesticides.
60, 61
 
Several other derivatives find wide application in the chemicals industry. 
Aromatics are 
included in the top value 
added chemicals from 
lignin (Table 1.3), though 
they also form during 
secondary reactions of 
sugars.
4, 40, 62
 The most 
Table 1.3: Selected top value added chemicals from biomass lignin.
48
 
Selected Top Candidates from Lignin 
Utility as a 
Building Block 
Alcohols High 
Benzene, Toluene, Xylene (BTX) High 
Biphenyls Low 
Phenol High 
Substitued Phenols Medium 
Vanillin Low 
Aromatic Acids High 
Aliphatic Acids Medium-High 
 
 
 13 
 
common aromatics produced by biomass conversion are benzene, toluene, xylene (BTX), and 
naphthalene. The direct production of toluene and xylene is very desirable because they can both 
be blended directly into gasoline. Benzene is processed further into other value-added chemicals 
such as styrene and phenols. The production of BTX is intimately linked with gasoline production 
and BTX processes have been commercialized by several companies including Chevron Phillips 
Chemical, UOP, and Anellotech.
63-66
 Naphthalene is used as a precursor for many other chemicals 
including phthalic anhydride (for plastics), insecticides, and synthetic dyes.
67
  
The several families of molecules discussed here will be the focus of structure-activity 
relationships developed in subsequent chapters. 
 
1.5 Catalytic Biomass Pyrolysis 
Early catalytic pyrolysis studies aimed at proof-of-concept experiments showing that catalytic 
pyrolysis successfully upgrades pyrolysis vapors and provides a higher quality bio-oil. Studies 
published within the last few years still follow the catalyst screening concept, often with little to 
no fundamental components. Because the literature on catalytic biomass pyrolysis is vast and 
dominated with many catalyst screening studies, the following review will be divided into 
sections to succinctly summarize notable conclusions.  
 
1.5.1 Catalysts and Catalyst Parameters 
A large amount of catalytic biomass pyrolysis studies screen solid acid catalysts as proof-of-
concept experiments, many with little fundamental direction.
40, 68-95
 Solid acid catalysts tested as 
part of these screening studies include: 
1) Zeolites: HZSM-5/ZSM-5, zeolite Beta, Y zeolite, H-USY, Mordenite, Faujasite, 
Silicalite, ZK-5, SAPO-34, Ferrierite, ZSM-23, MCM-22, SSZ-20, ZSM-11, IM-5, TNU-
9, and SSZ-55; Dopants include Ga, Na, Ni, Co, Fe, Li, Sr, Zn, Bi, and Cu. 
 
2) Silica/Alumina Oxides: MCM-41 (also doped Al, Sn, Fe, Mo, Co, Ti, Zr), Al-MSU-F, 
Bentonite, Siral 5, Siral 30, γ-alumina, SiO2, activated alumina, and amorphous silica-
aluminas. 
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3) Supported Oxides: Cu2+/SiO2, Zn
+
/SiO2, 10% Co
3+
/Al2O3, 30% Co
0
/SiO2, 30% Co/ZrO2, 
30% Cu/ZrO2, Pd/CeTiO2, Ru/CeTiO2, Pd/Ce-ZrO2-TiO2, and Ru/Ce-ZrO2-TiO2. 
 
4) Bulk, Mixed, and Other Oxides: SiC, ZnO, ZrO2, TiO2, CaO, NiO, Fe2O3, MoO3, WO3, 
MgO, CeO2, CeTiO2, CuCr2O4, Criterion-534 commercial catalyst, MI-575, ZrO2-TiO2, 
Fe-Zn-Cu oxide, Fe-Cu-Al-Zn oxide, and Cu-Zn-Zr oxide. 
 
Results from many of these studies concluded that HZSM-5 provides the highest quality 
deoxygenated bio-oil, rich in aromatics and other value-added chemicals, with H-USY 
performing just as well or slightly better.
40, 68-72, 75, 76, 79-86, 89-92, 94
 Zeolite pore size and shape was 
found to have a large effect on aromatic yield, with the highest amount of aromatics produced 
from zeolites with medium pore sizes in the range of 5.2-5.9Å.
40, 89
 Zeolites doped with iron had 
an enhanced activity and selectivity towards ethane and propane (alkanes), gallium doped zeolites 
displayed enhanced selectivity toward aromatics, and strontium doped zeolites (greater Lewis 
acidity) had a greater selectivity toward furan.
77, 84, 86, 93, 95
 Results of physically mixing Bentonite 
or Siral 5 with HZSM-5 indicated enhanced deoxygenation and furan production.
79, 95
 
 
1.5.2 Reaction and Operating Parameters 
Several studies and reviews investigated the influence of pyrolysis conditions on bio-oil 
quality and yield and the results are generally system and biomass feedstock dependent.
4, 35, 37, 41, 
42, 96-107
 In fact, the conclusion of a recent study by He et al. was that “there is no single, clear-cut 
optimal condition that can satisfy the criteria for a bio-oil product with all the desired properties. 
Trade-offs should be balanced according to the usage of the end-products.”99 Several general 
guidelines can still be extracted from these studies:  
1) The optimum pyrolysis temperature is between 400-550oC.  
2) Vapor residence times of 1-2 seconds are long enough for secondary reactions to occur, 
including cracking. 
3) A fast heating rate (fast pyrolysis) produces more gas and liquid products and less coke. 
4) Small biomass and catalyst particle sizes ensure better heat and mass transfer. 
5) A smaller biomass-to-catalyst ratio produces a more deoxygenated product. 
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Some studies have examined the effects of co-feeding alcohols during pyrolysis over ZSM-
5.
83, 108-110
 Results indicated that co-fed alcohol increased the petrochemical yield (aromatics + C2-
C4 olefins + C5 compounds), enhanced the deoxygenation of products, and reduced the formation 
of coke. 
 
1.5.3 Reactor Configurations 
Recent reviews and studies have summarized many of the different pyrolysis systems and 
technologies that have existed within the past few decades.
4, 33, 42, 95, 111-114
 Notable results include 
the design of continuous fluidized bed reactors, implementation of a “full sandwich” catalyst 
configuration (catalyst surrounding biomass) with high yields of aromatics, biomass impregnation 
with Pd/C catalysts for improved deoxygenation, and exploration of ex situ catalytic upgrading of 
pyrolysis vapors, which has comparable yields but extended catalyst lifetimes.
95, 112, 114
 
 
1.5.4 Mechanisms 
Firstly, both experimental and molecular dynamics simulations have demonstrated that sugar 
portions of biomass form a short-lived liquid phase (~0.1s) before converting into primary and 
secondary pyrolysis products.
56, 115-118
 Other quantum chemical calculations and experimental 
results have provided insight into several reaction pathways. It has been demonstrated that 
HZSM-5 favors ring-opening mechanisms for furan conversion in micropores, Brønsted acid sites 
catalyze dehydration, and Lewis acid sites catalyze Diels-Alder cycloaddition reactions.
95, 119-121
 A 
few studies using model compounds and whole biomass over HZSM-5 suggested that coke 
deactivates the catalyst by blocking the pores and that phenols have high coke yields and are the 
major cause of catalyst deactivation at high temperatures.
82, 107, 122
 Finally, several studies have 
concluded that there is no synergistic effect between biomass components and that the pyrolysis 
products from the thermal pyrolysis of whole biomass are simply a sum of its constituents.
68, 123-
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126
 Catalytic pyrolysis of whole biomass changes this product distribution, favoring the formation 
of furans and aromatics.
90, 127
 
Few of the studies discussed here performed before-and-after catalyst characterization using 
spectroscopy, microscopy, or diffraction techniques,
77, 79-83
 while exactly two have performed in 
situ IR spectroscopy during pyrolysis.
128, 129
 No studies have attempted to correlate catalyst 
structure and reaction intermediates with product evolution using operando spectroscopy. 
 
2. Approach 
2.1 Approach  
The approach taken to achieve these objectives consisted of the following steps: 
1. Synthesize well-defined supported Al2O3/SiO2 solid acid catalysts and perform 
extensive characterization to ensure their molecular structure. 
 
2. Select appropriate biomass model compounds for pyrolysis that are relevant to whole 
biomass chemical compositions and can provide insight into the role of desired 
chemical production from specific biomass components. 
 
3. Develop an operando molecular spectroscopy system and method that can perform 
simultaneous product detection and catalyst characterization during biomass pyrolysis. 
 
4. Correlate biomass composition and catalytic active sites with pyrolysis products. 
 
The supported Al2O3/SiO2 solid acid catalysts were synthesized by impregnating Al onto the 
surface of a SiO2 support via a standard incipient wetness impregnation procedure. The SiO2 
support chosen is Cab-o-sil EH-5, which is a non-microporous fumed silica with high surface 
area. The choice of this support eliminates pore diffusion complications that can arise from large 
pyrolysis products trapped in micropores. This allows for the analysis and correlation of the 
specific catalytic active sites and pyrolysis products without additional complications. 
Biomass model compounds were selected based off the hierarchical structure of plant biomass, 
as shown in Figure 1.2. Starting with critical monomer sugars (saccharides), this dissertation will 
examine glucose and xylose. As shown, glucose is the only component of cellulose, a major 
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polysaccharide that makes up ~1/3 of plant biomass. Xylose is the major monomer sugar of larger 
hemicellulose polysaccharides, specifically xylan. Although there are many hemicelluloses in 
plant biomass xylose and xylan are major components. Hemicellulose is another major 
component that makes up ~1/3 of plant biomass. The last ~1/3 of plant biomass is composed of 
lignin, an amorphous cross-linked resin with no exact structure. Lignin will be studied whole 
since the monomer alcohols are expensive and have a short shelf life with stringent storage 
conditions not compatible with our laboratory environment. Finally, well characterized whole 
biomass in the form of wood will be examined.  
Typically, in the biomass literature many model compounds are chosen based on a few known 
pyrolysis intermediates or products, such as furan. While study of these compounds elicits some 
fundamental reaction mechanisms, pyrolysis of biomass is not as neat and pretty as these studies. 
In the spirit of the operando methodology, it is believed that results from the pyrolysis of simple 
monomer sugars of biomass and larger polymer sugars will be more relevant than using high 
purity model chemicals. 
 
2.2 The Operando Spectroscopy Methodology and Experimental Setup 
It is now well established that the surface of a catalyst, and even the bulk phase, are dynamic 
and altered by different environmental conditions.
130
 In situ characterization, the act of 
 
Figure 1.2. Hierarchical structure of biomass studied in this dissertation. 
 18 
 
characterization under a controlled atmosphere, has allowed scientists to observe the dynamics of 
heterogeneous catalysts for over 50 years. In situ characterization often falls short in 
understanding a catalytic process because of the lack of product detection. To overcome this 
limitation, operando spectroscopy experimental setups have been developed in the last decade. 
Operando spectroscopy is a coined term indicating that catalyst characterization is performed 
under reaction conditions, or a controlled atmosphere, and is combined with simultaneous product 
detection.
131
 This cutting edge technique provides time-resolved in situ spectral data of a catalysts 
bulk and surface properties and time-resolved product evolution, during reaction, all in a single 
experiment. The unprecedented level of molecular insight gained from this type of experiment 
definitively establishes fundamental structure-activity relationships for working catalysts. The 
operando approach has been quickly adopted by catalyst scientists with ~50 annual publications 
currently appearing, a little more than a decade after its inception. It is expected that operando 
spectroscopy will reveal key insights into the process of catalytic biomass conversion and 
establish foundational structure-activity relationships for fuel products and value-added 
chemicals. 
 
2.3 Spectroscopic Methods 
2.3.1 Raman Spectroscopy 
The Raman effect is a product of inelastic scattering of electromagnetic radiation upon 
interaction with matter, i.e. a single wavelength of light (532nm) interacts with matter, changes 
energy/wavelength, and the resulting inelastically scattered light (anything but 532nm) is 
detected. The inelastic energy exchange occurs in the vibrational region and provides information 
about the molecular structure and properties of molecules from their vibrational transitions. 
Specifically, Raman spectroscopy detects vibrations that involve a change in polarizability, or 
deformation of the electron cloud. Typically, this results in Raman spectroscopy being sensitive 
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to symmetric vibrations, whereas Infrared (IR) spectroscopy is complementary and sensitive to 
asymmetric vibrations. Since Raman spectroscopy is not sensitive to changes in dipole moments, 
spectral interference from water and hydroxyls is not a problem and diatomic molecules can 
readily be analyzed. An important consequence of the Raman scattering selection rules is the 
ability to characterize and monitor samples in situ in the aqueous, gas, or solid phases under all 
environmental conditions.
132
 In practice, Raman spectroscopy detects critical metal (M) oxide 
vibrations corresponding to inorganic catalytic active sites such as M=O, M-O-M, M-O-M’, and 
M-O vibrations. Raman spectroscopy can operate under all environmental conditions, a critical 
feature that allows a catalyst to be monitored from sample preparation to final reaction 
conditions.
132-135
 For the application of biomass pyrolysis, Raman spectroscopy is expected to 
provide information about the breaking of biomass molecular bonds and formation of 
carbonaceous species on the catalysts. 
 
2.3.2 Infrared (IR) Spectroscopy 
Complementary to Raman spectroscopy, IR spectroscopy takes advantage of direct resonance 
between the frequency of IR radiation and the vibrational frequency of a specific molecular 
vibration mode. Molecular vibrations that involve a change in dipole moment, or a net change in 
the separation distance of a molecules negative and positive ends (dipoles, literally “two poles”), 
are IR active and readily absorb IR radiation corresponding to the frequency of vibration.  
Typically, this results in IR spectroscopy being sensitive to asymmetric vibrations, as previously 
mentioned. As a consequence of IR spectroscopy’s sensitivity to dipole moment changes, water 
and hydroxyls result in large signals that usually dominate important regions of the IR spectrum 
and diatomic molecules cannot be detected. However, IR spectroscopy gives rise to strong signals 
from surface chemical probes or surface reaction intermediates (CO, CO2, CH3OH, pyridine, 
HCOOH, etc.), support hydroxyls (M-OH), and occasionally surface M=O vibrations. Like 
Raman spectroscopy, IR spectroscopy can be operated under a wide range of environmental 
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conditions and is ideal for collecting time resolved data.
135-140
 IR Spectroscopy is expected to 
information about biomass molecular bonds, catalyst bulk structures, and surface reaction 
intermediates during biomass pyrolysis. 
 
2.3.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 
NMR spectroscopy probes the nuclei of atoms rather than electrons or vibrations. The 
technique is typically performed as solid state Magical Angle Spinning (MAS) NMR 
spectroscopy for heterogeneous metal oxide catalysts to average out in sample the sample bed, 
tube, or magnetic field. In the presence of an external magnetic field, the nuclei magnetic 
moments align with the field causing the spins to split and possess different energies, known as 
the nuclear Zeeman effect.
141
 While in a magnetic field, the sample is irradiated with photons 
(usually radio electromagnetic radiation) of a specific resonant frequency, causing the spin to flip 
to another energy level. Thus, NMR probes the amount of energy required to change the spin of a 
nucleus in the presence of a magnetic field. Only nuclei with a spin > 0 are NMR active, with the 
most common used active nuclei being 
1
H and 
13
C isotopes, though many more exist.  
Molecules with multiple H or C atoms give rise to multiple resonances in an NMR spectrum 
because each atom is shielded from the applied magnetic field by a different arrangement of 
electrons depending on its molecular bonds. This allows NMR spectroscopy to distinguish 
between many different types of the same atom in a molecule. For solid acid catalysts used in 
biomass conversion, NMR spectroscopy can provide a wealth of information such as distinct 
Brønsted acid site identification from 
1
H NMR, local coordination or characterization of NMR 
active metals, such as Al and Si, by 
27
Al and 
29
Si NMR spectroscopy, or hydrocarbon reaction 
intermediates by 
13
C NMR spectroscopy. NMR spectroscopy can be performed under many 
different environmental conditions since the strength of the external magnetic field is the 
determining factor of spectral quality.
142-144
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2.4 Probe Molecules 
The adsorption and desorption of probe molecules can provide many insights into the 
chemical nature of material surfaces. For solid acid catalysts, carbon monoxide, pyridine, and 
ammonia probe molecules are traditionally used to determine the type of acidity (Brønsted or 
Lewis) present on the catalyst surface. Carbon monoxide can bond to metal sites and hydroxyls at 
low temperatures and the position of the ν(C-O) band and shift of the ν(O-H) bands indicate the 
type of acidity and strength. The greater the shift of the ν(O-H) band the greater the Brønsted acid 
strength. The position of the ν(C-O) band also indicates type of acid site and strength.145 It has 
been demonstrated in the literature that NH3 adsorbs as NH4
+
 on Brønsted acid proton donor sites, 
it can adsorb intact as NH3 by donating an electron lone pair to Lewis acid sites, or can 
dissociatively adsorb to form –NH2 and a hydroxyl.
146, 147
 Similar to ammonia, pyridine can be 
protonated (Pyridine-H
+
) by Brønsted acid sites or adsorb intact on Lewis acid sites. Pyridine is a 
larger molecule than ammonia and seems to be slightly less sensitive to weak acid sites.
146, 148
 By 
monitoring the adsorption/desorption of these probe molecules with IR spectroscopy it is possible 
to determine the chemical nature of the surface catalytic active sites, while monitoring weight 
change during desorption can quantify the total amount of acid sites. These probe molecules have 
been extensively used to understand the nature of acidity in solid acid catalysts for decades.
149-152
 
 
2.5 Product Identification by Gas Chromatography-Mass Spectrometry (GC-MS) 
The combined GC-MS technique is an extremely powerful way to identify all volatile 
chemical products from any reaction. A GC consists of a capillary “column” (coiled tube) in a 
controllable oven that is internally coated with a polar solute, or stationary phase, which adsorbs 
molecules of interest. A carrier gas, or mobile phase, flows through the column forcing products 
to adsorb on the column or carrying them all the way through to a detector. By adsorbing many 
products on the column and then slowly heating it up individual products will desorb and 
 22 
 
separate, allowing them to be analyzed one-by-one by a detector of choice.
153, 154
 Mass 
spectrometry detects volatile products by ionizing them and analyzing their mass-to-charge ratio 
(m/z). Once ionized, all product molecules are accelerated to the same kinetic energy by charged 
plates and launched down the MS. Electromagnets further down the system will deflect the ions 
using a magnetic field, only allowing one particular m/z or ionized molecule (O2 for example) to 
reach the detector while the others are deflected into the walls and neutralized. By rapidly 
changing the magnetic field, a MS can detect many different products nearly simultaneously.
155, 
156
 By combining GC-MS, products are separated one-by-one in the GC and sent to the MS to be 
accurately analyzed without interference from other molecules.
157
 
Many different GC and MS methods have been developed for the detection of volatile 
pyrolysis products, including standard GC-MS (often referred to as py-GC-MS), time-of-flight 
MS, and molecular beam MS (MBMS).
43, 158-160
 It should be noted that only the volatile fraction 
of pyrolysis products can be detected by GC-MS, which makes up < 60% of the total products 
produced.
38, 161
 Non-volatile products must be detected via other methods such as High Pressure 
Liquid Chromatography (HPLC) or spectroscopy. In this dissertation, GC-MS is employed to 
determine all volatile pyrolysis products while spectroscopy is utilized to determine non-volatile 
products where applicable.  
 
2.6 Reactor Considerations 
Biomass pyrolysis produces a significant amount of non-volatile and condensable volatile 
products.
38, 161
 Condensable products are particularly troublesome for optical spectroscopy 
techniques that require a transparent window near the catalyst bed. These products often condense 
on cold windows, reactor walls, and downstream pipes causing complications for product analysis 
and blocking the transmission of light. If spectroscopy is to be performed during pyrolysis then 
strategies to maintain heated internal walls and heated windows need to be developed that do not 
compromise the reactor materials (o-rings, gaskets, seals, etc.). 
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3. Thesis Outline 
Chapter 2  
 Details of all experimental procedures will be provided in this chapter for easy reference and 
to streamline the content of the subsequent chapters. 
Chapter 3  
 The supported Al2O3/SiO2 catalysts and zeolites HZSM-5 (Si/Al = 15, 25, 40, 140) will be 
characterized for the molecular structure of their various surface AlOx sites under relevant 
dehydrated conditions by high field 
27
Al NMR, IR, and Raman spectroscopy. The molecular 
structures will be related to a specific nature of surface acidity (Brønsted or Lewis) via the 
adsorption of probe molecules on the catalyst surface. 
Chapter 4 
The catalysts characterized in Chapter 3 will be utilized for the catalytic pyrolysis of the 
cellulose portion of biomass. Products from the catalytic pyrolysis of glucose and cellulose will 
be determined by GC-MS. The real-time evolution of products will be correlated with catalyst 
molecular structure and reaction intermediates via in situ IR spectroscopy and a custom operando 
Raman spectroscopy-Mass spectrometry experimental setup. 
Chapter 5  
The catalysts characterized in Chapter 3 will be utilized for the catalytic pyrolysis of the 
hemicellulose portion of biomass. Products from the catalytic pyrolysis of xylose and xylan will 
be determined by GC-MS. The real-time evolution of products will be correlated with catalyst 
molecular structure and reaction intermediates via in situ IR spectroscopy and a custom operando 
Raman spectroscopy-Mass spectrometry experimental setup. 
Chapter 6  
 24 
 
The catalysts characterized in Chapter 3 will be utilized for the catalytic pyrolysis of the lignin 
portion of biomass. Products from the catalytic pyrolysis of lignin will be determined by GC-MS. 
The real-time evolution of products will be correlated with catalyst molecular structure and 
reaction intermediates via in situ IR spectroscopy and a custom operando Raman spectroscopy-
Mass spectrometry experimental setup. 
Chapter 7 
The catalysts characterized in Chapter 3 will be utilized for the catalytic pyrolysis of whole 
biomass. Products from the catalytic pyrolysis of wood will be determined by GC-MS. The real-
time evolution of products will be correlated with the sum of biomass components, catalyst 
molecular structure, and reaction intermediates via in situ IR spectroscopy and a custom 
operando Raman spectroscopy-Mass spectrometry experimental setup. 
Chapter 8  
A summary of the most important conclusions of the research in this dissertation will be 
presented. The future outlook of catalytic biomass pyrolysis research will be discussed, 
especially regarding the development of catalyst structure-activity relationships and the work 
necessary to improve the identification of biomass conversion reaction intermediates and 
develop new catalysts. 
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1. Introduction 
In order to streamline the content of this dissertation all relevant experimental 
procedures will be described in this chapter. Experimental details will be omitted from all 
subsequent chapters. 
 
2. Experimental Methods 
2.1 Catalyst Synthesis and Characterization 
2.1.1 Catalyst Synthesis 
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The supported Al2O3/SiO2 
catalysts were prepared by the 
incipient-wetness impregnation of 
the silica support (Cabosil EH-5, 
SBET = 332 m
2
/g) with isobutanol 
(Alfa Aesar, 99+% HPLC grade, Product No. 22908) solutions of aluminium sec-
butoxide (Alfa-Aesar 95% purity, Product No. 30721). The synthesis was performed 
inside a glove box with continuously flowing N2, and the SiO2 support was initially dried 
at 120ºC to remove physisorbed water. After impregnation at room temperature, the 
samples were kept inside glove box under a N2 atmosphere overnight. The samples were 
subsequently dried at 120ºC in flowing N2 (100 ml/min, Airgas, Ultra High Purity) for 2 
hours, calcined at 300ºC in flowing N2 for 2 hours with a ramp rate of 1
o
C/min, and 
finally calcined at 500ºC in flowing Air (100 ml/min, Airgas, zero grade) for 4 hours with 
a ramp rate of 1
o
C/min The catalysts are denoted as x wt.% Al2O3/SiO2 (x = 1, 3, 5, 10). 
The loading of Al2O3/SiO2 is given as different quantities in Table 2.1. 
Zeolites, ZSM-5, were purchased from Zeolyst International with SiO2/Al2O3 mole 
ratios of 30, 50, 80, and 280 (Si/Al ratios of 15, 25, 40, and 140). ZSM-5 was converted 
into its proton form (HZSM-5) by calcination in a programmable oven (Thermolyne 
model 48000). The samples were first dried at 120ºC in flowing Air (100 ml/min, Airgas, 
zero grade) for 2 hours followed by calcination at 550ºC in flowing Air for 4 hours with a 
ramp rate of 2
o
C/min. 
 
2.1.2 Surface Area and Pore Analyses 
Table 2.1. Loadings of Al2O3 on SiO2 represented 
as different quantities. 
wt% 
Al2O3 
Al/nm
2
 
Number of Monolayers 
(3.8 Al/nm
2
 = 1 ML) 
1 0.36 0.095 
3 1.1 0.289 
5 1.87 0.493 
10 3.95 1.04 
 
 27 
The quantity of sample used for the adsorption experiments was chosen to match an 
approximate sample size of 1000 m
2
/g. Samples and sample tubes with stoppers were 
weighed 5 times and the average mass was taken. Measurements were performed using 
the Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. The catalysts were 
initially degassed for 12 hours at 350
o
C before adsorption measurements.  
After degas, samples were reweighed. The difference in sample mass was used as 
the mass of the respective catalyst. For mesopore and surface area analysis, a N2 
adsorption study was performed.  An adsorption isotherm was obtained by measuring the 
quantity of N2 adsorbed by the catalyst at a respective relative pressure (Po/P from 0.01 to 
1.0) while flowing gaseous N2 with the sample submerged in liquid N2. The desorption 
isotherm was obtained by measuring the quantity of N2 desorbed at different relative 
pressures (Po/P from 0.01 to 1.0) with the sample at ambient temperature. For micropore 
analysis, an Argon adsorption study was performed. The free space of the sample was 
manually measured, and the sample was redegassed and reweighed, and then redegassed 
again in the analysis port. The sample was submersed in liquid Argon for adsorption 
isotherm measurements. A gas dosing of .004 mmHg of Argon was used until the Po/P of 
the catalyst reached .01 and then a regular adsorption analysis was conducted.  
The Barrett-Joyner-Halenda (BJH) method was used to obtain the macro/mesopore 
distribution and the Density Functional Theory (DFT) method was used to obtain the 
micropore distribution. The BJH assumes that pores have a cylindrical shape and the pore 
radius is equal to the sum of the Kevin radius and the film thickness absorbed on the pore 
wall. DFT determines the meso and microporosity of the sample by using the entire 
experimental isotherm as a continuous distribution of pore volume with respect to pore 
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size; this makes DFT a more accurate analysis method for micropores. The Brunauer–
Emmett–Teller (BET) method was used to obtain the specific surface area for the 
samples: data points between 0.01 and 0.1 Po/P were used for micropore analysis and 
data points between 0.1 and 0.3 were used for mesopore analysis. The BET, BJH, and 
DFT analyses were conducted in the software provided by Micromeritics. 
 
2.1.3 In Situ Raman Spectroscopy 
The Raman spectra of the zeolites were obtained with a high resolution, dispersive 
Raman spectrometer system (Horiba LabRam-HR) equipped with three laser excitations 
(532, 442, and 325 nm). The lasers were focused on the samples with a confocal 
microscope equipped with a 50X long working distance objective (Olympus BX-30- 
LWD, numerical aperture = 0.50) for the visible lasers. In situ dehydrated spectra were 
obtained by first calcining the samples in a programmable oven (Thermolyne Model 
48000) in flowing Air (Airgas, Zero grade). The calcination procedure was as follows: 
ramp from room temperature-120
o
C and hold for 15 mins followed by a 10
o
C/min ramp 
from 120 to 500
o
C and hold for 1.5 hours. Afterward, the samples were placed into a 
Harrick environmental chamber (Harrick High-Temperature Reaction Chamber) and 
ramped from room temperature to 550
o
C under 10% O2/Ar (Airgas) and held at 550
o
C for 
1.5 hours. The 442nm laser was used with a 200um hole size and 5x30s collection times. 
The sample was photobleached under the laser for 20 mins before collection to reduce 
fluorescence. 
 
2.1.4 In Situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
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2.1.4.1 Oxidizing Dehydration 
The in situ DRIFT spectra were collected with a Thermo Nicolet 8700 FT-IR 
spectrometer equipped with a Harrick Praying Mantis attachment (model DRA-2) for 
diffuse reflectance spectroscopy. Spectra were taken using a MCT detector with a 
resolution of 4 cm
-1
 and an accumulation of 96 scans. Approximately 5-25 mg of each 
catalyst in powder form was loaded into an in situ environmental cell (Harrick, HVC-
DR2). The collection of the initial background was performed by first optimizing the 
beam path and IR absorption signal using the height of the full Harrick sample cup, then 
removing the Harrick cell and placing a reflective mirror in the laser path. A spectrum 
was collected using the reflective mirror and was used as the background spectrum of the 
ambient atmosphere throughout the experiment. The catalysts were dehydrated in situ at 
500
o
C, or 550
o
C for Zeolites, with a 10
o
C/min ramp rate under a 10% O2/Ar (Airgas) 
atmosphere for 90 minutes. Spectra were collected at 500
o
C (550
o
C) and at 100
o
C after 
cooling. 
 
2.1.4.2 Inert Dehydration for Pyrolysis Reference 
Equipment used was identical to §2.1.4.1 but the dehydration procedure was 
different. To serve as reference spectra for pyrolysis, catalysts were dehydrated using the 
same pyrolysis temperature programmed procedure to be utilized in subsequent chapters. 
The catalysts were dehydrated in situ up to 650
o
C with a 10
o
C/min ramp rate under an 
Argon (Airgas, UHP) atmosphere and held for 30 additional minutes. Spectra were 
collected every minute (10
o
C) with the same resolution settings as §2.1.4.1. These spectra 
are a “blank” pyrolysis experiment without biomass. 
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2.1.5 Ambient and Ex Situ Dehydrated NMR Spectroscopy 
At the magnetic field of 9.4 T, 
1
H, 
27
Al, and 
29
Si NMR experiments were 
performed on a Bruker Avance-400 NMR spectrometer at the resonance frequencies of 
400.13, 104.26, and 79.46 MHz respectively. 
1
H and 
27
Al MAS NMR spectra were 
measured using a 5 mm H/X MAS NMR probe (NMR Rotor Consulting ApS, Denmark) 
with Si3N4 rotors spinning at 13 kHz. 
29
Si MAS and CP-MAS NMR spectra were 
recorded using a 7 mm H/X MAS NMR Bruker probe and 7 mm ZrO2 rotors at a 
spinning frequency of 5 kHz. The pulse length of 1 μs (20º flip angle) and a recycle delay 
of 1 s were used for the acquisition of 
27
Al NMR spectra. 
1
H NMR spectra were 
measured using both the one pulse sequence (π/2 pulse length 10 μs, delay 5 s) and the 
solid-echo pulse sequence (π/2-τ-π/2-τ-acquisition) where the pulse length of 10 μs (π/2), 
the echo time (τ) of 130 μs (two rotor periods) and the recycle delay of 1 s were used. For 
the acquisition of 
29Si NMR spectra, the pulse length of 10 μs (75º) and the recycle delay 
of 60 s were applied. 
1
H-
29
Si cross-polarization (CP) spectra were recorded using a 
standard Bruker pulse sequence. 
1H pulse length of 10 μs (π/2), the contact time of 8 ms 
and the recycle delay of 2 s were used. The chemical shift values were referenced to a 
0.3М Al(NO3)3 solution for 
27
Al, and to tetramethylsilane (TMS) for 
1
H and 
29
Si. 
Dehydration of the samples prior to NMR experiments was carried out as follows. 
The samples were placed into 7 mm o.d. glass ampoules and dehydrated under vacuum (< 
10
-3
 Torr) for 4 hrs at 350ºC, the ampoules were then flame-sealed. Just before NMR 
measurements the ampoules were opened and the samples were loaded into MAS NMR 
rotors in a dry box in a flow of argon. Hydration of the samples was achieved by 
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exposing to humid ambient air. The proton content was determined from the integral 
intensities of 
1
H NMR spectra by comparison with the standard solid reference sample of 
NaHCO3 (100 mg, 7.1×10
20 
H atoms). 
The 
27
Al MAS NMR experiments at high magnetic fields were performed at 19.5 
T using a Bruker ASX-830 NMR spectrometer (NHMF, CIMAR/NMR, Florida, USA) 
and at 21.1 T using a Bruker Avance II spectrometer (National Ultrahigh-Field NMR 
Facility for Solids, Ottawa, Canada) at the resonance frequencies of 216.14 MHz and 
234.52 MHz, respectively. In both cases 2.5 mm MAS NMR probes were used with 2.5 
mm diameter ZrO2 rotors at MAS spinning frequency of 26-35 kHz. A short pulse of 0.5 
μs and the recycle delay of 0.5 s were used with a single pulse sequence. 
Simulation and deconvolution of the standard NMR spectra suggested that multiple 
smaller resonances make up the large resonance observed around 0 ppm. In order to 
experimentally verify this, High-field 
27
Al 3QMAS (triple-quantum MAS) NMR 
experiments were performed using a basic 3-pulse sequence with z-filter. The sequence 
begins with an excitation pulse p1 (3.5 μs) that creates a 3Q coherence, which is allowed 
to evolve during the evolution period τ. A subsequent conversion pulse p2 (1.0 μs) flips 
magnetization back along the z axis, which after a short (20 μs) delay (to allow dephasing 
of undesired coherences) was read out with a weak CT selective π/2 pulse p3 (6.5 μs).162 
 
2.1.6 In situ DRIFTS of NH3 Adsorption and TPD 
The catalysts were dehydrated in situ, in a Harrick environmental cell, at 500
o
C, or 
550
o
C for zeolites, at a 10
o
C/min ramp rate, or 5
o
C/min for zeolites, under a 10% O2/Ar 
(Airgas) atmosphere for 90 minutes. Spectra were collected at 500/550
o
C and at 100
o
C 
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after cooling. Ammonia was adsorbed at 100
o
C by flowing 15 ml/min of a 2016 ppm 
Ammonia/Helium mixture (Praxair Certified Standard) and 15 ml/min Argon (Airgas, 
UHP) for an hour. IR spectra were collected every minute (72 scans, 4 cm
-1
 resolution) 
during adsorption. After adsorption, the sample was flushed with 30 ml/min Argon for 30 
minutes to remove any physisorbed molecules. Temperature programmed desorption 
(TPD) of ammonia occurred by ramping the sample from 100 to 500
o
C at 5
o
C/min. IR 
spectra were collected every minute (72 scans, 4 cm
-1
 resolution) during TPD. 
 
2.1.7 In Situ IR Spectroscopy during CO Adsorption 
 Infrared absorbance spectra (Shimadzu IFS-8300) were collected at -196 °C in the 
region 400-7800 cm
-1
 with 4 cm
-1
 resolution and 50 scans. Prior to the infrared 
spectroscopy measurements, the samples were prepared in the form of self-supporting 
pellets (surface densities (ρ) were 10-15 mg/cm2) and treated in the IR cell in vacuum (< 
10
4
 Torr) for two hours at temperature 500 °C. The surface acidity of the catalysts was 
characterized by IR spectroscopy of adsorbed CO as described previously.
163
 
 
2.2 Biomass Pyrolysis 
2.2.1 Biomass Samples 
D-(+)-Glucose was obtained from Sigma Aldrich (≥99.5%, G7528-250G) and 
Cellulose was obtained from Alfa Aesar (microcrystalline, A17730). D-(+)-Xylose 
(≥99%, X1500-500G) and Xylan from beechwood (≥90%, X4252-10G) were obtained 
from Sigma Aldrich. Lignin was obtained from ALM India as the Protobind 1000 series, 
a very low sulfur lignin. According to the manufacturer, Protobind 1000 contains > 90% 
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high purity lignin, < 3% hemicellulose sugar, and < 2% ash. Results from an extensive 
characterization study suggest that ALM lignin contains between 0.1-0.3 wt% sulfur.
101
 
Woody biomass, a mixture of hardwoods herein referred to as just “wood”, was 
graciously donated by Villanova University. In an attempt to minimize mineral 
impurities, cellulose, xylan, and lignin were acid washed according to the procedure by 
Patwardhan et al.
164
 One gram of biomass was treated with 20 ml of 0.1M HNO3 for 5 
mins followed by filtration. The residue was further washed with three successive 
portions of deionized water and allowed to dry. All biomass and catalyst samples were 
sieved to a maximum particle size of 210 um (70 mesh sieve). For catalytic pyrolysis 
experiments, catalyst and biomass powders were physically mixed in a 3:2 ratio, 
respectively, with >0.1 mg accuracy.  
 
2.2.2 In Situ IR Spectroscopy during Pyrolysis 
Pyrolysis experiments were performed in a Harrick High Temperature Reaction 
Chamber (HVC-DRP-5, herein referred to as the “Harrick cell”) hooked up to a Harrick 
Temperature Controller (ATC-024-4) that supplied power and programmable heating 
rates. A K-type thermocouple from Omega Engineering (KMQSS-032G-6) was custom 
fit directly into the sample bed through a spare port and sealed with a Teflon ferrule. The 
bed thermocouple signal was used as the input to the Harrick Temperature Controller for 
programmable heating. 
The Harrick cell was fit into a Thermo Nicolet 8700 FT-IR spectrometer via a 
Harrick Praying Mantis attachment (model DRP) and equipped with KBr windows for 
diffuse reflectance spectroscopy. Using a liquid nitrogen cooled MCT detector, the IR 
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spectrometer was set to collect spectra at a 4 cm
-1
 resolution for 96 accumulations, taking 
approximately 1 minute for collection. The collection of the initial IR gas phase 
background was performed by placing a reflective mirror in the laser path, while using 
the Harrick Praying Mantis attachment, at approximately the same height as a full sample 
cup of the Harrick Cell. A new background was taken for each sample. 
Typical sample sizes ranged from 20-30 mg of catalyst/biomass mix. A spectrum 
was typically collected at room temperature before pyrolysis began. For pyrolysis 
experiments, Argon gas (Airgas, ultra high purity) was flowed at either 60 or 200 
mL/min, corresponding to a 20s or 6s vapor residence time (τ) in the Harrick cell (20 mL 
gas volume). The Harrick Temperature Controller was programmed to heat at a constant 
rate of 10
o
C/min from room temperature to 650
o
C. A macro was created using the 
program OMNIC Macros/Basic (supplied with Thermo Nicolet spectrometer) to 
continuously collect spectra for any given duration. The macro was manually synced with 
the Harrick Temperature Controller to collect spectra every minute/10
o
C during 
pyrolysis. 
 
2.2.3 Gas Chromatography-Mass Spectrometry (GC-MS) of Pyrolysis Vapors 
This GC-MS analysis was conducted to qualitatively indentify major pyrolysis 
products because only a very small portion of the reaction gas could be sampled, making 
quantification inappropriate. As such, only samples with the most acid sites and least acid 
sites were analyzed, along with a pure biomass sample. 
Catalyst and biomass powders were mixed in a 3:2 weight ratio, respectively, and 
approximately 20-30mg of the powder mixture was loaded into the sample cup of the 
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Harrick cell that was fitted with high temperature Kalrez o-ring seals. The bottom of the 
sample cup was packed with inert quartz wool pressed down with a stainless steel mesh 
screen to prevent catalyst particles from getting trapped downstream in the pipes. The 
Harrick cell was wrapped with heating tape set at 300
o
C (temperature limit of o-rings) in 
order to prevent pyrolysis product condensation on the cell walls and windows used for 
spectroscopy. Additionally, to prevent product condensation on the inner walls of the 
reactor, hot silicon oil (Thermo Fisher Scientific SIL 180) was circulated at ~180
o
C and 
70 mL/min through the reactor walls using a custom built circulator that comprised of a 
hot plate, peristaltic pump, heating tape wrapped around coiled copper piping, and Fluran 
severe environment tubing (Saint-Gobain #AGN00017, 200
o
C temperature limit).  
 Heating rate and temperature of the Harrick cell, during pyrolysis, was regulated by 
the Harrick Temperature Controller connected to a K-type thermocouple placed directly 
in the catalyst/biomass bed. Brooks flow controllers (model 5850E) were used to flow a 
carrier gas consisting of 200 ml/min of Helium (Airgas, ultra high purity) through the 
Harrick cell, giving a vapor residence time of ~6 seconds. As will be specifically noted, a 
few experiments were repeated with a 60 ml/min flow of Helium giving a longer 
residence time of ~20 seconds. After establishing the Helium flow, the catalyst/biomass 
mixture was heated at 10
o
C/min from 30-600
o
C (the cell temperature limit under the high 
flow rate of helium). At 50
o
C, the 180
o
C oil was circulated through the reactor and the 
heating tape surrounding the outside of the reactor was turned on and set to 300
o
C. The 
time required to equilibrate the 180
o
C oil system and reactor walls ensured that the 
flowing oil did not disrupt the 10
o
C/min heating rate in the catalyst bed, which was 
monitored via thermocouple. These reaction conditions are representative of a pyrolysis 
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reaction scheme that is on the border of slow (0.1-10
oC/min, τ < 15 mins) and fast (10-
1000
o
C/min, τ < 5-10 seconds) pyrolysis conditions. 
 A diagram of the operando Raman-MS/GC-MS system is given in Figure 2.1. 
Pyrolysis vapors exited the reactor into stainless steel pipes that were heated to 300
o
C to 
prevent as much condensation as possible. The pyrolysis vapors flowed through the 
heated pipes into a 5 mL stainless steel sample loop (Vici Valco) connected to a 6-port 
valve (Vici Valco model DC6WT) kept at 300
o
C and controlled by an air actuator (Vici 
Valco model A6C4WT). The 6-port valve was also connected to the GC injector and, 
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Figure 2.1. Operando Raman-MS/GC-MS system diagram. 
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upon actuation, would send all 5ml of vapor in the sample loop into the GC injector 
(splitless injection). The actuator was programmed via the GC software (Varian MS 
Workstation) to inject pyrolysis vapors every 5 mins which corresponded to reaction 
temperatures of 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600 (after 2 min hold), 
and 600
o
C (after 7 min hold). This was the maximum number of injections allowed by 
the software. Total reaction time was 62 minutes. 
 Pyrolysis vapors were injected into a GC-MS system that consisted of a Varian CP-
3800 GC connected to a Varian 1200L Quadrupole MS in electron ionization (EI) mode. 
The MS was tuned and calibrated biweekly or shorter according to the manufacturer 
procedure using calibrant FC-43 (Perfluorotributylamine). Masses 18, 28, 69, 131, 219, 
and 502 (amu) were selected for calibration. Before every reaction, an air and water leak 
analysis was performed on the GC-MS system through the MS workstation software to 
verify there were no leaks.  The GC injector temperature was maintained at 300
o
C 
throughout the experiment and injections were performed in splitless injection mode. The 
GC column (Supelco SLB-5ms) was kept at 30
o
C with a 2 ml/min (Helium, 15.1 psi) 
carrier gas flow rate to act as a vapor trap, accumulating the pyrolysis vapor products 
after every injection. Some volatile products still passed through the column, such as 
CO/CO2, acetic acids, and some aromatics.  The transfer line between the GC and MS 
was maintained at 300
o
C. When performing GC-MS analysis, the GC column is fed 
directly into the MS, bypassing the 4-port valve shown in Figure 2.1. 
 After the pyrolysis reaction was completed and vapors were accumulated on the 
column, the GC column was heated at a rate of 1
o
C/min from 30-270
o
C to separate 
products adsorbed on the column with a 2ml/min carrier gas flow rate (Helium). The 
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column was fed directly into the MS which was set to analyze a large positive ion mass-
to-charge (m/z) range of 8-650 m/z. Products were mainly identified using the MS 
workstation software and NIST 05 Mass Spectral Database, but some were verified with 
standards. Standards include: Acetone (Reagent grade, Pharmco-Aaper 329000000), 
Methanol (Reagent ACS grade, Pharmco-Aaper 339000ACS), Furan (99+%, Sigma-
Aldrich 185922), 2-furanmethanol (99%, Sigma-Aldrich 185396), furfural (99%, Sigma-
Aldrich 319910), 2,4-dimethylphenol (98%, Sigma-Aldrich D174203), 2,5-
dimethylphenol (99%, Sigma-Aldrich D174602), Benzene (99%, Alfa Aesar L14012), 
1,2,4-trimethylbenzene (98%, Sigma-Aldrich T73601), Toluene (99.5%, Alfa Aesar 
31755), Xylene (mix of isomers, 98.5%, Sigma-Aldrich 247642) Naphthalene (99%, Alfa 
Aesar A13188), Phenanthrene (98%, Sigma-Aldrich P11409), Pyrene (98%, Sigma-
Aldrich 185515). An example of the GC-MS data obtained using the procedure outlined 
in this chapter is given in Figure 2.2. 
 After each reaction, the reactor and pipes were cleaned by performing a hot alcohol 
flush (methanol or isopropyl), i.e. a few mL of alcohol was squirted into the reactor and 
the pipes/reactor were heated to ~200
o
C under a helium flow. Upon changing biomass 
samples (cellulose to glucose, etc.) or switching from catalytic to non-catalytic pyrolysis 
a more extensive cleaning was performed. The hot alcohol flush was performed, the 
quartz wool packing was changed, and a mild oxidizing treatment was performed to burn 
any residual hydrocarbons. A gas mixture of 170 mL/min helium and 30 mL/min 10% 
O2/argon (Airgas) was sent through the reactor and piping. The reactor was heated to 
600
o
C while the pipes were heated to 300
o
C. The system was held at temperature for 30 
mins before cooling. 
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2.2.4 Operando Raman Spectroscopy-Mass Spectrometry during Pyrolysis. 
Operando spectroscopy pyrolysis experiments were performed using the same 
experimental setup as discussed above in §2.2.3 with one main difference, the product 
detection method. A diagram of the system is given in Figure 2.1. Pyrolysis vapors 
exiting the reactor were partially diverted away from the 6-port valve used above and, 
instead, directed to a 4-port valve (Vici Valco model DC4WT) controlled by an air 
actuator (Vici Valco model A4C4WT). By actuating the 4-port valve, gas from either the 
GC column or Harrick cell could be directed into the MS. Diversion of the gas was 
accomplished by using two needle valves at each branch of the T-junction, similar to the 
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Figure 2.2. Example of GC-MS data obtained from pyrolysis of wood with HZSM5-15.  
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method used to control GC injection split ratios. Here, the needle valves were set to allow 
only a 5 mL/min gas flow rate into the 4-port valve, which was directly connected to the 
MS. This configuration allows for real time MS detection of the gas exiting the reactor.  
The MS was set to monitor ~130 individual m/z ratios, which were cross-checked 
for cracking from other molecules before being reported herein. The exception to 
cracking conflicts are signals for CO (28), O2 (32), and H2O (18) which are reported as a 
formality. The mass spec analysis time for each m/z ratio was set so that it took ~ 5 
seconds to analyze all 130 m/z ratios. Before reaction, the MS was turned on and allowed 
to reach a baseline under flowing helium (200 or 60 mL/min), which took anywhere from 
15-60mins. 
The Raman spectra of catalyst/biomass mixtures were obtained with a high 
resolution, dispersive Raman spectrometer system (Horiba-Jobin Yvon LabRam HR) 
equipped with three laser excitations (532, 442, and 325 nm) and a liquid nitrogen cooled 
CCD detector. The lasers were focused on the samples with a confocal microscope 
equipped with a 20X long working distance objective (Edmund Optics M Plan Apo LWD 
Infinity-Corrected, NA = 0.42, WD = 20 mm) for the visible lasers. Unless otherwise 
stated, the 442nm laser was used. Spectra were recorded with 5 accumulations of 7 
seconds each in the range of 100-4000 cm
-1
. A D0.5 filter was also used in an attempt to 
prevent the laser from burning the biomass before pyrolysis. 
In order to keep the objective cool while it is in close proximity to 300
o
C heating 
tape that is wrapped around the reactor, a custom cooling collar was made by coiling 1/8” 
copper tubing around the objective. Cold water from the sink was continuously 
circulating through the cooling collar. Additionally, a small college dorm room style fan 
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was placed a foot away from the objective to provide a cross breeze. An external 
thermocouple read 40
o
C at the objective lens during the hottest part of the reaction, 
indicating sufficient cooling. 
After the MS reached a baseline, the Raman system was set to automatically record 
spectra every 25
o
C or 2.5 minutes. Automatic collection was started when the reaction 
reached 50
o
C and the time on the MS was manually recorded. The reaction lasted 
between 55-60 mins. The cleaning procedure described in the previous section was 
performed after every reaction. 
 
2.2.5 Surface Acid Site Concentration Determination 
In order to normalize reaction data by total acid sites, integration of IR spectra after 
NH3 adsorption was performed. Firstly, all spectra were normalized based on the ~1860 
cm
-1
 SiO2 band. The SiO2 support data after NH3 adsorption at 110
o
C was subtracted 
from the supported Al2O3/SiO2 catalyst spectra. This resulted in a spectrum with only 
adsorbed NH3 due to AlOx acid sites. The subtracted spectrum was integrated over the 
range of 3450-3100 cm
-1
 with a linear baseline from 4000-2150 cm
-1
. Integration was 
performed in the OMNIC software package provided with the Thermo-Nicolet IR 
spectrometer. The area of the 1% Al2O3/SiO2 catalyst was taken as a value of 1 and the 
remaining catalysts possessed an area that was some multiple of this value. The 10% 
Al2O3/SiO2 catalyst possessed roughly 3.6 times the amount of acid sites as the 1% 
Al2O3/SiO2 catalyst. 
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Abstract 
Commercial HZSM-5 zeolites were studied by means of dehydrated in situ 
DRIFTS, Raman spectroscopy, and NH3 adsorption to determine the molecular structure 
and nature of acid sites. It was demonstrated that the zeolites have the typical MFI crystal 
structure. The zeolites also possess many different Brønsted acid sites and comparatively 
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small amounts of Lewis acid sites, some of which dissociatively adsorb ammonia. The 
concentration of acid sites increases with Al content. Extra-framework Al sites were 
determined to occur in HZSM-5 catalysts with a Si/Al ratio ≥ 25 and are responsible for 
the zeolites Lewis acidity, but their coordination could not be determined. 
 The local structure of surface aluminum oxide species present in supported 
Al2O3/SiO2 catalysts was investigated with multinuclear 
1
H, 
27
Al,
 
and 
29
Si solid-state 
NMR in moderate (9.4 T) and high magnetic fields (19.5 T and 21.1 T), and 
complemented by IR spectroscopy and first-principles quantum chemical calculations. 
The NMR experiments revealed that the structures of the supported alumina species 
depend strongly on the alumina content and on the environmental moisture. For hydrated 
conditions, the surface alumina phase forms surface AlO4, AlO5 and three different AlO6 
sites. Upon dehydration, the supported AlOx phase undergoes significant structural 
changes. Only a minor amount of surface AlO6 sites are present after dehydration because 
a loss of water converts the AlO6 sites into distorted sites with surface AlO4 coordination. 
The surface AlO5 sites are virtually unaffected by dehydration while some surface AlO4 
sites become highly distorted. The chemical nature of many of these surface sites was 
determined by CO adsorption, revealing two Lewis acid sites and three Brønsted acid 
sites. This is the first time that the molecular structures of surface AlOx sites on SiO2 
have been determined under dehydrated conditions, typical of actual high temperature 
reaction conditions, and the nature of the surface acid sites related to specific surface 
AlOx coordinations. 
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1. Introduction 
Solid acid catalysts have found extensive use in the petroleum refining industry, 
especially for fluid catalytic cracking (FCC) of petroleum crude oils into gasoline, 
olefins, and other valuable products.
1, 165
 Solid acid catalysts can possess both Brønsted 
and Lewis acidity and are usually highly tunable based on the specific nature or strength 
needed.
166-169
 The Brønsted acidity (H
+
 donation) found in solid acid catalysts can 
perform a number of important reactions such as hydrogenation (for bond saturation) and 
hydrogenolysis (for C-C or C-heteroatom cleavage, i.e. cracking). A Lewis acid site 
(electron lone pair acceptor) causes a Lewis base (electron lone pair donator) molecule to 
form a coordinate bond with the catalyst surface. Two types of solid acid catalysts, 
zeolites and supported Al2O3/SiO2, will be studied in this dissertation. 
 
1.1 Zeolites 
In industrial processes, the solid acid zeolite Faujasite is used for petroleum crude 
oil FCC while ZSM-5 is used for pyrolysis oil upgrading.
2, 170
 Zeolites also find wider 
application in hybrid materials, medicine, animal food uses, fabrics, and more.
171
 ZSM-5 
is composed of linked pentasil units (eight 5-membered rings) interconnected by oxygen 
bridges, with each atom in a tetrahedral coordination (MO4) known as T-sites.
170
 These 
linked units can form 10-ring holes which give ZSM-5 its pores (~5.5 Å). The vertices of 
each 5-membered ring can contain either Si, O, or Al. When Al is substituted for Si, 
referred to as framework Al, it is in the 3
+
 state and must have its charge balanced by a 
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proton (H
+
), referred to as the HZSM-5 form. Thus, Al substitution in ZSM-5 imparts 
Brønsted and Lewis acidity as a result of the charge balance. 
HZSM-5 possesses 96 total T-sites, but only 24 unique T-sites, where Al atoms can 
be substituted. It is currently thought that the location of Al is highly dependent on the 
synthesis method and is neither random nor controlled by a simple rule.
172, 173
 Recent 
experimental and theoretical calculations claim to be able to distinguish Al substituted in 
each of the 24 T-sites by 
27
Al Nuclear Magnetic Resonance (NMR), with each site 
possessing a distinct isotropic chemical shift in the range of 50-65 ppm.
172
 
In addition to framework Al, HZSM-5 with high Al contents can possess extra-
framework (sometimes called non-framework) Al atoms that can vary in their 
coordination (AlO3, AlO4, AlO5, AlO6, etc.).
173
 The acidity of these Al sites is different 
than framework Al and is a function of their coordination. The coordination of extra-
framework Al is also a function of hydration and temperature. Dehydrated zeolites 
display different extra-framework Al coordination than their hydrated counterparts and 
even distorted coordinations.
174-176
 
The most powerful technique for determining Al coordination is 
27
Al Magic Angle 
Spinning (MAS) NMR, which can see all Al species when performed with a spinning 
speed of 29 kHz or greater, at 9.4 T magnetic field strength.
177-179
 However, both X-ray 
Photoelectron Spectroscopy (XPS) and X-ray Absorption Spectroscopy (XAS) can also 
provide some coordination information.
173, 180, 181
 Infrared spectroscopy can provide 
information about the presence of extra-framework Al species from the appearance of 
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different –OH stretching bands and it can also determine the types of zeolite acidity 
through probe molecules (NH3, Pyridine, and low temp – CO or H2).
178, 182, 183
 
Zeolites, specifically HZSM-5, were chosen for this pyrolysis work due to the large 
amount of literature already published on the topic. Thus, it serves as a good reference 
material to evaluate our process and methods. However, as demonstrated above, the 
active site(s) in HZSM-5 are extremely difficult to understand since Al can substitute in 
24 framework T-sites and can have many different coordinations in extra-framework 
positions. Therefore, we synthesize our own supported Al2O3/SiO2 catalysts that can 
serve as a model catalyst for understanding pyrolysis.  
 
1.2 Supported Al2O3/SiO2 
Amorphous silica-alumina (ASA) based solid acid catalysts are widely used in the 
oil and chemical industries for catalytic cracking, olefin oligomerization, and alkylation 
reactions.
165
 They can also be used as supports for catalyst promoters for other reaction 
chemistries, such as ammoxidation of 3-picoline (V2O5/Al2O3/SiO2) or methane 
combustion (Pd-Al2O3/SiO2).
184, 185
 The impregnation of Al onto the surface of SiO2 has 
been shown to form Brønsted acid sites.
152
  
There have been several investigations of the structure and chemical nature of Al 
sites in ASAs, but these samples are mixed oxides which can differ significantly from 
supported oxides that only contain a surface alumina phase.  
Hensen et al. prepared a series of ASA catalysts by homogeneous deposition-
precipitation (HDP) of Al on Degussa SiO2 and extensively characterized them in the 
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liquid and solid states, and after calcination, with 
27
Al and 
29
Si MAS NMR spectroscopy 
(rotation speeds of 25 kHz and multiple quantum (MQ) MAS), TEM, Thermogravimetric 
Analysis (TGA), and Inductively Coupled Plasma (ICP) spectroscopy.
186
 Their 
27
Al MAS 
NMR spectroscopy results revealed the presence of four- and six-coordinated Al at low 
loadings and the presence of five-coordinated Al at higher loadings. They suggest that 
six-coordinated Al belongs to a pure aluminum oxide phase (isolated or polymeric AlO6), 
four-coordinated Al is in a mixed silica-alumina phase, and five-coordinated Al occurs at 
the interface between the silica-alumina and aluminum oxide phases, connecting them 
together. Hensen et al. also suggests that some Al migrates into the silica network during 
calcination, based on 
29
Si MAS NMR spectroscopy measurements that detect Q
3
-type Si 
sites (-97 ppm), or Si sites with three silicon atoms and either a hydrogen or aluminum 
atom in the second coordination sphere [Si(3Si, 1H) or Si(3Si, 1Al)]. The fraction of Q
3
-
type Si sites, based on deconvolution of low resolution overlapping contributions, 
increases to a maximum value of 16 ± 1% at 5 wt% Al2O3 and remains constant at higher 
loadings. These NMR results, though very impressive, are not performed under ex situ or 
in situ dehydrated conditions and are, thus, not completely representative of the 
distribution of Al coordinations that would be found in the catalysts dehydrated state, 
during a high temperature reaction. 
Several other researchers have studied ASA materials in the hydrated state prepared 
by cogelation or grafting techniques using high field NMR spectroscopy and quantum 
chemical calculations.
152, 187-190
 Prior to complete grafting precursor decomposition, 
27
Al 
NMR (17.6, 20.0, and 23.5 T)) results indicated that Al sites exist as AlO4, AlO5, and 
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dimeric [(iBu)Al(μ2-O)2(O)]2 (iBu = isobutyl). After decomposition, three coordinations 
of alumina were identified by 
27
Al NMR (9.4 T), AlO4, AlO5, and AlO6, and the different 
preparations lead to different relative proportions of the sites. Zeolitic-like Brønsted acid 
sites were detected on ASAs prepared by cogelation while weaker Brønsted acid sites 
were found on grafted ASAs.
188, 190
 Based on CO, pyridine, and 2,6-dimethylpyridine 
adsorption results, strong and medium strength Lewis acid sites were attributed to AlO4 
and AlO6, respectively. Brønsted acidity was related to the presence of (SiOH, Al(4)) 
paired sites with the strength depending on the amount of Al(4) in the silanol vicinity.
152
  
Caillot et al. prepared a series of both Al/SiO2 and Si/Al2O3 catalysts by grafting 
(liquid and gas-phase grafting) aluminum and silicon alkoxides on supports and varying 
pretreatment (temperature, mode) and synthesis conditions (temperature, media).
189
 Their 
samples were extensively characterized by 
27
Al and 
29
Si MAS NMR spectroscopy, TEM, 
and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). Once again, the 
NMR results are performed under hydrated conditions, which is not entirely 
representative of the catalyst at high temperatures. It was demonstrated that grafting is 
limited to depositing only a monolayer of precursor molecules and the corresponding 
amount of Al, but successive graftings could deposit more Al until all surface hydroxyls 
were titrated. Caillot et al. was able to assign their high resolution 
29
Si MAS NMR 
spectra to the consumption of specific Si hydroxyls (silanol, vicinal, geminal) and also 
found the presence of Q
3
-type Si sites (-95 ppm) in their Al/SiO2 catalysts, though they 
do not suggest that this indicates migration into the silica network. They also detected the 
presence of a broad signal between -78 and -90 ppm at high Al loadings, which they 
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assign to a silanol group in a aluminous environment [Si(2Al, 2H), Si(3Al, 1H), or 
Si(1Si, 1Al, 2H)]. However, all Al/SiO2 catalysts in this study saw a maximum 
temperature of 110
o
C during synthesis and calcination and the possibility exists that these 
species are not present when samples are calcined at higher temperatures. The 
27
Al MAS 
NMR spectroscopy measurements reveal the presence of six-coordinated Al (all 
samples), five-coordinated Al (samples close to maximum surface coverage), and two 
distinct types of four-coordinated Al, one in an aluminous environment [e.g., Al(2Al, 1Si, 
1H)] and the other in a siliceous environment [e.g., Al(1Al, 2Si, 1H)]. All samples 
possess the siliceous AlO4 species, but only very high loadings (≥ 25 wt% Al2O3) or 
samples prepared with water exhibit the aluminous AlO4 species, which is similar to that 
of Al2O3. ToF-SIMS results indicate that polymeric Al is <1% of the total Al content in 
Al/SiO2 catalysts, but the presence of water during synthesis increases that amount to 
~3% for similar Al loadings, in agreement with 
27
Al MAS NMR spectroscopy results. 
Gao, Lee, and Wachs investigated the structure of highly dispersed Al2O3/SiO2 and 
M1Ox/Al2O3/SiO2 catalysts (M1Ox = V2O5, CrO3, MoO3, WO3, and Re2O7) under 
dehydrated conditions using X-ray Photoelectron Spectroscopy (XPS), in situ Raman and 
UV-vis-NIR spectroscopies, and the methanol oxidation chemical probe reaction.
191, 192
 
The Al2O3/SiO2 catalysts exhibited high catalytic activity for methanol oxidation and 
100% selectivity to dimethyl ether, which reflects the high acidic chemical nature of this 
sytem. However, the molecular structures and acidic natures (Lewis or Brønsted) of the 
surface AlOx catalytic active sites could not be determined. 
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 It is well established that the molecular structure of surface catalytic active sites 
changes upon dehydration.
130
 The molecular structures and acidic natures of surface AlOx 
catalytic active sites on a SiO2 support are still not known at their actual conditions of 
use, high temperatures. In the present study, we synthesize a systematic series of 
supported Al2O3/SiO2 catalysts and characterize their surface molecular structure under 
dehydrated conditions using ex situ 
27
Al MAS NMR at high magnetic fields (21.1 T) and 
in situ IR spectroscopy. The chemical nature of surface acid sites is determined by 
adsorption of probe molecule CO and NH3 and related to the surface molecule structure 
of AlOx sites. In subsequent chapters, the structure and chemical nature of AlOx sites will 
be related to specific biomass conversion mechanisms. 
 
2. Results 
2.1 Characterization of HZSM-5 Zeolites  
2.1.1 Surface Area and Pore Analysis 
  The BET surface area and BJH pore volume for the zeolites is given in Table S3.1, 
while the pore distribution is given in Figure S3.1 and the adsorption and desorption 
isotherms are given in Figure S3.2. Notably, the pore distribution indicates that the 
majority of pore volume comes from pores < 50 Å in size, which is consistent with the 
microporous HZSM-5 crystal structure and cannot be probed by nitrogen adsorption.  
 
2.1.2 In Situ Dehydrated DRIFTS 
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The dehydrated in situ DRIFTS spectra are given in Figure 3.1. The spectra exhibit 
major bands at 816, 965, 1063, 1123, 1216, 1387, 1639, 1876, and 1991 cm
-1
. These 
bands have been well characterized for ZSM-5,
193, 194
 but not for the proton form (HZSM-
5). Thus, these bands are lumped into TO4 vibrations, except for bands at 965 and 1063 
cm
-1
, which are due to the Si-(OH) symmetric stretching mode, similar to that seen in 
pure SiO2,
195
 and the Si-(OH) bending mode, respectively.
183, 196
 The band at 3739 cm
-1
 is 
 
Figure 3.1. In situ DRIFTS of HZSM-5 catalysts dehydrated at 550
o
C under an O2/Argon 
flow, then cooled to 100
o
C. 
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the well-known silanol (SiO-H) stretch and the band at 3606 cm
-1
 is the well-known 
Brønsted acid hydroxyl stretch (Si-(OH
+
)-Al). The 3606 cm
-1
 band increases in intensity 
relative to the 3739 cm
-1
 with increasing Al content. The hydroxyl band at 3658 cm
-1
 is 
typically assigned to the ν(O-H) of Al-OH groups from extra-framework Al sites  and is 
only present on Si/Al ratios of 15 and 25.
183
 The bands at 3695, 2880, and 2460 cm
-1
 are 
assigned to the ν(O-H), νas(H-O-H), and νs(H-O-H) vibrations of hydronium (H3O
+
) on a 
Brønsted acid site based on literature studies and absence of these bands at higher 
temperatures (Figs. S3.4-S3.7 ).
183, 197, 198
 Bands at 3695 and 3658 cm
-1
 interconvert as a 
function of alumina loading, with the 3695 cm
-1
 band decreasing in intensity while the 
3658 cm
-1
 band increases. In order to gain a better understanding of the catalysts and their 
spectral changes under pyrolysis conditions, the zeolites were dehydrated under an inert 
flow (the flow used for pyrolysis) at a ramp rate of 10
o
C/min, where IR spectra were 
recorded every minute, and the spectra are given in Figs. S3.4-S3.7 and discussed in the 
supplemental section. No major discrepancies are observed. 
 
2.1.3 In Situ DRIFTS during NH3-TPD 
 The Brønsted and Lewis acidity of HZSM-5 was qualitatively probed by the in 
situ adsorption of gaseous NH3 and subsequent TPD in an IR spectroscopy system, and 
the data is given in Figure S3.8 (N-H stretching region) and difference spectra in Figure 
S3.9 (NH3 bending region). An extensive discussion of the bands is given in the 
supplemental section. The adsorption results indicate that all zeolites possess multiple 
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Brönsted and Lewis acid sites. Additionally, Si/Al ratios 15-40 dissociatively adsorbed 
ammonia as NH2. 
 
2.2 Supported Al2O3/SiO2 Catalyst Structure 
2.2.1 Surface Area and Pore Analysis 
 The BET surface area and BJH pore volume for the supported Al2O3/SiO2 catalysts 
was determined by nitrogen and argon adsorption and is given in Table S3.3, while the 
pore distribution is given in Figure S3.11 and S3.12 and the adsorption and desorption 
isotherms are given in Figure S3.13. Notably, the pore distribution indicates that the 
majority of pore volume comes from macropores, which is consistent with the amorphous 
fumed silica crystal structure. 
 
2.2.2 In Situ Dehydrated DRIFTS 
The series of supported Al2O3/SiO2 catalysts were dehydrated at 500
o
C under an 
oxidizing environment in order to obtain their dehydrated in situ IR spectra, given in 
Figure 3.2.  References of SiO2 and Al2O3 are also given. The spectra exhibit a large 
absorption below 2000 cm
-1
 with bands at 1968, 1865, 1625, 1355, 1200, 1050, and 834 
cm
-1
 from the SiO2 support vibrations, as demonstrated by the reference SiO2 spectrum. 
The band at 975 cm
-1
 is attributed to silanol (Si-OH) bending.
146, 195
 The large, sharp band 
at 3746 cm
-1
 is typical of silanol stretching vibrations with some small contribution by 
geminal hydroxyl (HO-Si-OH) stretching vibrations.
146
 The broad band from ~3700-3500 
cm
-1
 is typically of hydrogen bonded vicinal hydroxyl (Si-OH---(OH)-Si) stretching 
vibrations. The impregnation of Al2O3 on to the silica surface consumes the surface 
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hydroxyls, as demonstrated by the decrease of all hydroxyl bands. This indicates that Al 
atoms are anchoring at the silica hydroxyls. Terminal Al-OH groups occur at ~3800 cm
-1
 
and are not observed in the IR spectra.
199
 No Al2O3 nanoparticles were detected, which 
would lead to the increase of the 1050 cm
-1
 band..
189, 195
  
 As similarly done above, to gain a better understanding of the catalysts and their 
spectral changes during pyrolysis conditions, the Al2O3/SiO2 catalysts were dehydrated 
 
Figure 3.2. In situ DRIFTS of x% Al2O3/SiO2 catalysts dehydrated at 500
o
C under a 10% 
O2/Argon flow and then cooled to 90
o
C 
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under an inert flow (the flow used for pyrolysis) at a ramp rate of 10
o
C/min. The IR 
spectra are given in the supplementary section in Figures S3.14-S3.20 and no significant 
differences were observed.  
   
2.2.3 Ex Situ 
1
H MAS NMR Spectroscopy 
Prior to NMR measurements, the samples were dehydrated ex situ in vacuum in 
order to remove adsorbed water molecules that could obscure 
1
H MAS NMR signals 
from surface hydroxyls. The 
1
H MAS NMR spectra of all the samples are presented in 
Fig. S3.21. The SiO2 support (0% Al2O3) consists of three resonances at 1.6, 2.8 and 3.5 
ppm that are assigned to isolated silanol groups (SiOH), residual physisorbed water or 
weakly hydrogen bonded SiOH groups, and neighboring SiOH groups where hydrogen 
bonding leads to a downfield shift, respectively. 
All 
1
H MAS NMR spectra of supported Al2O3/SiO2 catalysts exhibit an asymmetric 
signal containing three resonances with chemical shifts at around 1.6, 2.4 and 3.5 ppm 
that are resolved after deconvolution (Fig. S3.21 and left inset). Resonances at 1.6 and 
3.5 ppm can be assigned to isolated and hydrogen-bonded SiOH groups, respectively, and 
the third resonance at 2.4 ppm is attributed either to OH-groups associated with the 
surface alumina phase, another type of silanol group or to residual physisorbed water. 
The gradual increase of the latter resonance with the alumina content strongly suggests 
that it is associated with the surface alumina species Al(OH)Al, which is consistent 
results reported in the literature.
200-203
 At high alumina loadings, a shoulder at 0.6 ppm 
appears and is assigned to terminal AlOH groups.
200
 Brønsted-type protons in bridging 
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Si(OH)
+
Al groups are typically assigned to resonances between 3.9-5.9 ppm and are not 
observed.
200-203
 
 
2.2.4 Ambient and Ex Situ 
27
Al MAS NMR Spectroscopy 
 57 
 
The 
27
Al MAS NMR spectra were deconvoluted into four overlapping resonances: a 
line from tetrahedral Al(4) sites (61-62 ppm), a line from Al(5) sites (36-40 ppm) which 
is the most pronounced only in the spectra measured at 21.1 T, and two lines from 
octahedral Al(6) species (5-7 and 5-6 ppm). A broad resonance from Al(6) shifted to the 
high field (-12 ppm) is clearly seen in the spectra recorded for the 1 wt.% Al2O3/SiO2 
catalyst both at 9.4 T and at 21.1 T. Presence of two overlapping octahedral sites in the 
10 wt.% Al2O3/SiO2 catalyst was also confirmed in 
27
Al 3QMAS NMR spectra recorded 
at 19.5 T (Figure S3.23). None of these signals could be assigned to bulk alumina or to 
Al2O3 nanoparticles.
204
  
To examine the effect of dehydration on the structure of the surface aluminum 
oxide layer, the supported Al2O3/SiO2 samples were dehydrated in vacuum prior to 
27
Al 
MAS NMR experiments (ex situ) and the results are shown in Figure 3.3. Dehydration of 
the supported Al2O3/SiO2 samples results in a noticeable decrease in the overall spectral 
intensity and significant changes in the relative intensities of different 
27
Al MAS NMR 
resonances. Three different aluminum coordinations are still observable, a tetrahedral 
Al(4) site (59-63 ppm), an Al(5) site (40-40.5 ppm), and only one octahedral Al(6) site 
(4-10 ppm) as compared to three Al(6) sites observable under hydrated conditions. Based 
on the calculated weights and relative intensities of the 
27
Al NMR signals in Table 3.1, 
the fraction of sites as a function of alumina loading are given in Figure 3.4. For NMR-
visible alumina, the trends indicate that the proportion of AlO6 decreases, AlO4 increases, 
and AlO5 increases and then decreases with alumina loading. The proportion of NMR  
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Figure 3.3. The 
27
Al MAS NMR spectra of hydrated and dehydrated supported 
Al2O3/SiO2 samples recorded at the magnetic field of 21.1 T and the MAS spinning 
frequency of 30 kHz. (A) Comparison of  
27
Al MAS NMR spectra recorded for hydrated 
and dehydrated samples with 1, 3,  and 10 wt.% Al2O3/SiO2 (black ― hydrated, blue ― 
dehydrated). (B) Deconvolution of the spectra shown in (A). (C) Comparison of the 
relative intensities of aluminum sites for hydrated and dehydrated samples. 
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signal that is lost due to AlOx distortion indicates that NMR-invisible AlO6 increases, 
AlO4 decreases, and AlO5 decreases and then increases with a alumina loading.  
The total NMR-visibility of alumina sites, from relative intensity (Rel. int.) in Table 
3, decreases upon dehydration from 100% for all samples to 79, 78, and 37% for 10, 3, 
and 1 wt.% Al2O3/SiO2, respectively. The values of the dehydrated quadrupole coupling 
constants (CQ, Table 3.1) are nearly identical to the hydrated values in Table S3.5, 
indicating minimal distortion of the NMR-visible surface alumina sites. 
 
2.2.5 In Situ DRIFTS during NH3-TPD 
The Brønsted and Lewis acidity of the Al2O3/SiO2 catalysts was qualitatively 
probed by the in situ adsorption of gaseous NH3 and subsequent TPD in an IR 
spectroscopy system, and the data is given in Figure S3.24 for the N-H stretching region 
and Figure S3.25 for the NH3 bending region. For reference, NH3-TPD was performed on 
the SiO2 support, given in Figure S3.26, and revealed no adsorption bands indicating it 
Table 3.1. The ex situ dehydrated 
27
Al NMR spectral parameters for 1, 3, and 10 wt.% 
Al2O3/SiO2 catalysts as measured at a 21.1 T magnetic field. 
Catalyst 
Rel. 
int.* 
Rel. 
int.** 
Coordination 
Rel. int. 
± 0.1 
Weight 
δiso, 
ppm 
CQ, 
MHz 
 
    (4) 0.27 0.24 59 5.45 
1% Al2O3/SiO2 0.37 0.39 (5) 0.50 0.37 40 5.5 
      (6) 0.35 0.39 7 4 
 
    (4) 0.42 0.32 59 5.45 
3% Al2O3/SiO2 0.78 0.78 (5) 1.10 0.55 40 5.5 
      (6) 0.28 0.13 4 4 
 
    (4) 0.94 0.46 63 5.45 
10% Al2O3/SiO2 0.79 0.87 (5) 0.97 0.46 40.5 5.5 
      (6) 0.02 0.08 10 4 
Rel.int. – relative intensity in relation to the fully hydrated sample (* - experimental, integrated 
in the range from 100 to -24 ppm; **- calculated from simulated spectra) 
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has no appreciable acidity. A detailed discussion of the bands is given in the 
supplemental section. The results indicate that all Al2O3/SiO2 catalysts possess multiple 
Brönsted and Lewis acid sites, but the IR absorptions are too complex to correlate with 
individual AlOx sites. 
 
2.2.6 In Situ IR spectroscopy during CO adsorption 
The IR spectra of CO adsorbed on the dehydrated Al2O3/SiO2 samples at 77 K are 
shown in Figure 3.5. Several IR absorption bands were identified corresponding to CO 
 
Figure 3.4. Proportion of dehydrated AlOx sites based on ex situ dehydrated 
27
Al NMR 
measurements and proportion of NMR-invisible (silent) AlOx based on hydrated and 
dehydrated 
27
Al NMR difference spectra (relative intensities). 
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adsorbed on Lewis acid sites (2229 and 2194 cm
-1
), CO interacting with hydroxyl groups 
(3652-3670, 3566, 3470, 3320, 2172, 2167, and 2157 cm
-1
), and physisorbed CO (2136 
cm
-1
). Bands at 3652 (νOH) and 2157 (νCO) cm-1 are assigned to silanol groups 
interacting with CO.
75
 Bands at 3566 (νOH) )/2167 (νCO), 3470 (νOH)/2172 (νCO), and 
3320 (νOH) cm-1 are assigned to CO interacting with one medium strength Brønsted acid 
site (BAS) and two strong BAS, respectively.
145, 152, 190
 The absorption bands at 2229 and 
2194 cm
-1
 are usually attributed to CO adsorbed on strong and medium strength Lewis 
acid sites (LAS), respectively.
190, 205
 Acid site trends with alumina loading are given in 
Figure 3.6 and are based on band integration, except for LAS which are based on band 
intensity. Medium strength LAS increase, strong BAS and LAS increase and then 
decrease, medium strength BAS decrease and then increase, and weak BAS decrease with 
alumina loading. 
 
 
Figure 3.5. In situ IR spectra of CO adsorbed on the Al2O3/SiO2 samples (1 Torr, 77 К). 
1) CO stretching region, 2) OH stretching region. Samples were first dehydrated in 
vacuum at 500
o
C before cooling. (a) 1 wt.% Al2O3/SiO2, (b) 3 wt.% Al2O3/SiO2, (c) 5 
wt.% Al2O3/SiO2, and (d) 10 wt.% Al2O3/SiO2. 
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3. Discussion 
3.1 Molecular Structure and Chemical Nature of HZSM-5 Zeolites 
The dehydrated Raman and IR spectra of the zeolites are fairly typical of HZSM-5 
catalysts indicating that they possess the typical MFI structure reviewed in the 
introduction section. Ammonia adsorption studies also indicate that the zeolites possess a 
large amount of Brønsted acid sites. According to the time resolved DRIFTS spectra in 
Figures S3.4-S3.7, well-defined Brønsted acid sites (3588 cm
-1
 band) don’t form until 
 
Figure 3.6. Area integrated IR spectra during CO adsorption as a function of alumina 
loading. BAS = Brönsted acid site, LAS = Lewis acid site, s = strong, m = medium, and 
w = weak. Note that LAS trends are based on band intensity, not band area. 
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~150
o
C, when the catalyst is dehydrating. Hydronium remains bonded to Brønsted acid 
sites up to temperatures of ~240
o
C. 
The dehydrated IR suggests that only the HZSM-5 catalysts with a Si/Al = 15 and 
25 have extra-framework Al sites, while Si/Al = 40 and 140 do not. Lewis acidity is only 
appreciably observed in the Si/Al = 15 and 25 samples as well, based on NH3 adsorption 
(Figs. S3.8-S3.9). This data set reveals that an extra-framework Al site is responsible for 
Lewis acidity, though the coordination and anchoring location of the site are unknown. 
The dissociative adsorption of NH3 to form -NH2 + -OH on the zeolites is indicative of 
the presence of different Lewis acid sites and probably minor amount of basic sites that 
bond with hydrogen. The origin of these sites is unknown. 
 
3.2 Molecular Structure of Supported Al2O3/SiO2 
3.2.1 Hydrated Conditions 
The change in the hydroxyl signals associated with Si or Al atoms can be quantified 
using the 
1
H NMR parameters presented in Table S3.4 and their ratio provides an 
estimate of the degree of isolation/polymerization of the surface aluminum oxide sites. 
Upon increasing the alumina loading from 1-3 wt.% Al2O3/SiO2, the -ΔISiOH/ΔIAlOHAl 
value is ~ 3.3 [-(0.58-0.78)/(0.09-0.03)], revealing that on average three SiOH groups are 
consumed per bridging Al(OH)Al bond formed. This indicates that at low alumina 
loadings the sites are isolated or contain a minimal amount of bridging bonds. Further 
increasing the alumina loading from 3-5 wt.% Al2O3/SiO2 gives a -ΔISiOH/ΔIAlOHAl value 
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of 2 and from 5-10 wt.% Al2O3/SiO2 yields a ratio of ~1.8, which indicates the tendency 
towards formation of larger supported AlOx clusters. 
The supported 1 wt.% Al2O3/SiO2 catalyst was found to possess three different 
surface Al(6) sites at 7, 6, and -12 ppm. Sites at 7 and 6 ppm were confirmed by 3QMAS 
measurements and observed at higher alumina loadings, but the site at -12 ppm is absent 
at alumina loadings above 1 wt.%. This indicates that the -12 ppm resonance is from 
isolated surface Al(6) sites. Quantum chemical calculations of Al deposition on SiO2 by 
Lapina et al. and ex situ dehydrated NMR measurements (Fig. 3.3) indicate that surface 
Al(6) sites are stabilized by the presence of water since only a small fraction of Al(6) 
sites remain in the NMR spectra upon dehydration.
206
  This indicates that the majority of 
Al(6) sites are bonded to water in their first coordination sphere. Residual water is most 
likely responsible for Al(6) sites that remain upon dehydration. 
The surface Al(5) sites barely change upon dehydration, in contrast to the surface 
Al(6) sites, indicating that most surface Al(5) sites do not bond to water in their first 
coordination sphere. Quantum chemical calculations predict the presence of surface Al(5) 
sites only when more than one Al atom is present, i.e. the surface Al(5) site does not exist 
as an isolated site and must contain a bridging Al-O-Al bond. This is corroborated by 
hydrated and dehydrated NMR measurements  that demonstrate the relative amount of 
surface Al(5) is less than or equal to other coordinations at the lowest alumina loading, 
where isolated sites are in abundance, but is the major species at the highest loading, 
where oligomers and clusters typically form. The small changes in the Al(5) NMR 
intensity with dehydration may result from a minor amount of surface Al(5) species that 
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possess water in their first coordination sphere and have also been predicted by quantum 
chemical calculations.
206
 Additionally, these small changes could also result from surface 
Al(5) sites that form a bridging Al-O-Al bond with a surface Al(6) site that could change 
coordination during dehydration and distort the bonded surface Al(5) site, rendering it 
NMR-invisible. 
Quantum chemical calculations by Lapina et al. predicted a large variability in the 
surface Al(4) sites, having a bridging Al-O-Al bond or up to three bridging Al-O-Si 
bonds, but no sites were predicted to bond to water in the first coordination sphere.
206
 
Changes in the Al(4) NMR intensity during dehydration are most likely associated with 
bridging bonds to hydrated surface Al(5) and Al(6) species that change and distort the 
bonded surface Al(4) site. 
 
3.2.2 Dehydrated Conditions 
This is the first time that high field NMR has resolved surface AlOx sites under ex 
situ dehydrated conditions. The disappearance of the 
27
Al MAS NMR signals upon 
dehydration of the supported Al2O3/SiO2 catalysts indicates that the highly-dispersed 
surface alumina phase undergoes significant structural changes upon dehydration. The 
few surface Al(6) sites that remain during dehydration are most likely due to some 
residual water. Given that the dehydrated NMR signal for the surface Al(5) sites barely 
changes upon dehydration, the surface Al(6) sites must be converting into distorted, 
NMR-invisible surface Al(4) sites. Note, that if surface Al(6) sites were converting into 
NMR-visible surface Al(4) sites, the Al(4) NMR intensity would increase dramatically. 
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As previously discussed, the majority of surface Al(5) sites do not change upon 
dehydration and quantum chemical calculations indicate that surface Al(5) does not exist 
as an isolated site and must contain a bridging Al-O-Al bond.
206
 Some surface Al(5) sites 
could become slightly distorted during dehydration, which may alter their chemical 
nature, if they are bonded to water or a hydrated surface Al(6) site that changes 
coordination. Upon dehydration, the 3% Al2O3/SiO2 catalysts experiences a 10% increase 
in surface Al(5) sites from its hydrated state, which can be explained by a minor amount 
of surface Al(6) sites dehydrating into surface Al(5). 
A good proportion of NMR-visible surface Al(4) is likely from isolated sites, 
especially at low loadings. Quantum chemical calculations indicate that most surface 
Al(4) sites predicted are NMR-visible and do not bond with water,
206
 however, 
dehydration still leads to an appreciable decrease in the Al(4) NMR intensity at all except 
the highest alumina loading (see “Rel.int., ± 0.1”, Table 3.1). This suggests that at low 
loadings, surface Al(4) sites are most likely bonded via a bridging Al-O-Al bond to 
hydrated surface Al(6) sites, on the basis that Al(3) is not predicted by quantum chemical 
calculations.
206
 Upon dehydration, the loss of water converts both into distorted, NMR-
invisible surface Al(4) sites. As the alumina loading increases, the proportion of NMR-
visible Al(4) also increases. Since surface Al(5) sites also increases with alumina loading, 
then surface Al(4)-Al(5) bridging bonds are more likely to form and would not distort 
upon dehydration, unlike surface Al(4)-Al(6) bonds, leading to a greater proportion of 
NMR-visible surface Al(4) sites.  
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Herein the molecular structures of surface aluminum oxide sites have only been 
referred to as isolated or as pairs/dimers, but quantum chemical calculations indicate that 
aluminum oxide polymers/clusters can just as easily exist on the silica surface.
206
 
Determining the exact coordination of each aluminum atom in a cluster and its chemical 
nature is beyond the capability of any high field NMR study. 
 
3.3 Chemical Nature of Surface Acid Sites on Supported Al2O3/SiO2 
The chemical nature (Brönsted or Lewis) of several surface AlOx acid sites can be 
determined by comparing high field NMR spectra, ex situ dehydrated catalysts, and CO 
adsorption results. The assignment of LAS ν(CO) bands to the exact environment of the 
surface Al
3+
 sites is still not resolved in the literature. The CO IR band at 2229 cm
-1
 is 
traditionally assigned to a surface Al(4) coordination, but the 2194 cm
-1
 band has been 
assigned to either Al(4),
149, 188, 207
 Al(5),
205
 or Al(6) coordination.
152, 208
 The IR intensity 
of the 2194 cm
-1
 band increases with alumina loading while the corresponding share of 
NMR-invisible surface Al(6) sites also increase with alumina loading (see Figs 3.4 and 
3.6). This association is additionally confirmed by the results of Crépeau et al., where the 
intensity of the band at 2196 cm
-1
 was found to significantly increase with the 
temperature, i.e. when surface Al(6) sites start losing their coordination water.
152
 This 
indicates that medium strength LAS originate from surface Al(6) sites that convert into 
surface Al(4) sites upon dehydration. The behavior of the strong LAS band at 2229 cm
-1
, 
which has been traditionally assigned to surface Al(4) sites, parallels the trend for the 
strong BAS band at 3320 cm
-1
.
152, 205, 208
 Both of these acid sites correlate with the 
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proportion of AlO5, which suggests that these strong sites may are due to different AlO5-
AlOx dimers. The critical role of Al(6) dehydration and distortion, which is responsible 
for the in situ generation of LAS, has not been previously realized in the literature. 
The second strongest BAS, designated by bands at ~3470/2172 cm
-1
, could 
correspond to either AlO5 or AlO4 sites depending on the dehydrated NMR results of the 
5% Al2O3/SiO2, which have not been obtained. Crépeau et al. performed CO adsorption 
on an amorphous silica-alumina (ASA) sample that contained 84% of aluminum sites as 
Al(4) and 16% as Al(6), as determined by hydrated NMR experiments (9.4 T) 
comparable to our own in Fig. S3.22.
152
  They observed a very similar pair of bands at 
~3460/2177 cm
-1
, however, Al(5) was not detected. The results for the high-field NMR 
(21.1T) of the hydrated sample in Fig. S3.22 indicate that their samples could still 
possess NMR-invisible surface Al(5) sites, however, their catalyst would still contain a 
majority of Al(4). Thus, given that the major (non-silanol) BAS bands in the work of 
Crépeau et al. correspond to the same bands seen in this work, and that the majority 
aluminum coordination is Al(4) in their work, the current IR bands at ~3470/2172 cm
-1
 
are also 
assigned to 
NMR-visible 
surface Al(4) 
sites.  
The 
medium 
Table 3.2. Band assignments from CO adsorption, their chemical nature, 
and their origin in supported Al2O3/SiO2 catalysts. BAS = Brønsted acid 
site and LAS = Lewis acid site. 
Bands  
(cm
-1
) 
 Band 
Assignment  
Chemical 
Nature 
Strength Origin 
3652/2157 ν(OH)/ν(CO) - - Silanol Groups 
3566/2167 ν(OH)/ν(CO) BAS Medium - 
3470/2172 ν(OH)/ν(CO) BAS Strong  AlO4 
3320 ν(OH) BAS Strong AlO5-AlOx  
2229 ν(CO) LAS Strong AlO5-AlOx  
2194 ν(CO) LAS Medium AlO6 → AlO4 
2136 ν(CO) - - Physisorbed CO 
 
 69 
 
strength BAS and most intense band at high alumina loadings, ~3566/2167 cm
-1
, does not 
appear to correlate with any particular AlOx site. It is likely that this band results from 
BAS sites generated by more than one AlOx site or AlOx clusters. In bulk γ-alumina, 
Al(5) sites have been assigned to weak Brønsted acid sites or Lewis acid sites.
207
 Table 
3.2 summarizes the assignments made here. 
  
4. Conclusions 
ZSM-5 catalysts purchased from Zeolyst International, and converted into their 
proton form (HZSM-5), were studied by means of dehydrated in situ DRIFTS, Raman 
spectroscopy, and the adsorption of probe molecule NH3 to determine the nature of acid 
sites. It was demonstrated that the zeolites have the typical MFI structure. The zeolites 
also possess many different Brønsted acid sites and comparatively small amounts of 
Lewis acid sites, some of which dissociatively adsorb ammonia. The concentration of 
acid sites increases with Al content. Extra-framework Al sites were determined to occur 
in HZSM-5 catalysts with a Si/Al ratio ≤ 25, i.e. HZSM5-25 and HZSM5-15, but their 
coordination was not determined. 
 Supported Al2O3/SiO2 catalysts were synthesized via the incipient wetness 
impregnation method to serve as model catalysts that possess similar acid sites to HZSM-
5. The molecular structure of surface aluminum oxide sites on silica for supported 
Al2O3/SiO2 catalysts was investigated with multinuclear 
1
H and 
27
Al solid-state NMR in 
moderate and high magnetic fields, and was complemented by IR spectroscopy. In the 
hydrated Al2O3/SiO2 samples, five distinct surface aluminum oxide sites were identified 
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with AlO4, AlO5 and three different AlO6 coordinations. The vast majority of surface 
AlO6 sites are bonded to water in their first coordination sphere. In contrast, the surface 
AlO4 and AlO5 sites do not typically bond to water. At low alumina loadings, surface 
AlO4 sites are generally found to be isolated in nature, but also form bridging Al-O-Al 
bonds with surface AlO6 sites or surface AlO5 sites. At high alumina loadings, the 
proportion shifts in favor of surface AlO4-AlO5 bonds.  
In dehydrated supported Al2O3/SiO2 catalysts, only three distinct surface aluminum 
oxide sites could be observed by high field NMR spectroscopy, surface AlO4, AlO5 and 
AlO6 sites. The disappearance of some of the 
27
Al MAS NMR spectra upon dehydration 
of supported Al2O3/SiO2 catalysts indicates that the highly dispersed surface alumina 
phase undergoes significant structural changes upon dehydration. Only a minor amount 
of surface AlO6 sites are present after dehydration because a loss of water converts the 
sites into a distorted surface AlO4 coordination. The AlO5 coordinated sites are virtually 
unchanged by dehydration. At low alumina loadings, the majority of the surface AlO4 
sites are bound to surface AlO6, which results in both converting into distorted surface 
AlO4-AlO4 sites upon loss of water. Isolated surface AlO4 and surface AlO4-AlO5 sites 
remain unchanged. At high alumina loadings, the proportion shifts in favor of surface 
AlO4-AlO5 sites, which are unaffected by dehydration. 
The chemical nature of surface alumina acid sites was studied with in situ IR 
spectroscopy and CO adsorption. Two surface Lewis acid sites and three Brønsted acid 
sites were identified. Strong Lewis and strong Brönsted acid sites originate from surface 
AlO5-AlOx sites and medium strength Lewis acid sites are from surface AlO6 sites that 
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convert into surface AlO4 sites upon dehydration. The second strongest Brønsted acid site 
appears to be associated with NMR-visible surface AlO4 sites. 
This is the first time that the molecular structures of surface AlOx sites on SiO2 
have been determined under dehydrated conditions, typical of actual high temperature 
reaction conditions, and the nature of the surface acid sites related to specific surface 
AlOx coordinations. These results indicate the importance of understanding both the 
surface AlOx coordination and bridging bonds to neighboring Al atoms in order to 
determine the catalytic function of each surface AlOx site. 
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Chapter 3 - Supporting Information 
Characterization of HZSM-5 Zeolites 
Surface Area and Pore Analysis 
  The BET surface area and BJH pore volume for the zeolites was determined by 
nitrogen adsorption and is given in Table S3.1, while the pore distribution is given in 
Figure S3.1 and the adsorption and desorption isotherms are given in Figure S3.2. The 
HZSM-5 zeolites exhibit a surface area greater than 400 m
2
/g and as the Si/Al ratio 
increases the surface area also increases. Pore volume for the zeolites is roughly constant 
at 0.26 cm
3
/g. The pore distribution indicates that the majority of pore volume comes 
from pores < 50 Å in size, which is consistent with the microporous HZSM-5 crystal 
structure and cannot be probed by nitrogen adsorption.  
 
In Situ Dehydrated Raman Spectroscopy 
 HZSM-5 catalysts were dehydrated at 550
o
C under an oxidizing environment in 
order to obtain their dehydrated in situ Raman spectra, given in Figure S3.3.  The spectra 
of all HZSM-5 Si/Al ratios are very similar with bands at 293, 375, 434, 467, and 810 
cm
-1
. The dominant band at 375 cm
-1
 is assigned to the νs(Si-O-Si) of pentasil five-
membered ring vibrations, the band at 293 cm
-1
 is assigned to six-membered ring 
vibrations, bands at 434 and 467 cm
-1
 are typical of the Si-O-Si of four- membered ring 
vibrations, which are present in small quantities in ZSM-5, and the band at 810 cm
-1
 is 
assigned to a Si-O
-
 stretching vibration.
35-37
 The spectra are insensitive to Al content and 
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only shift ~2 cm
-1
, which is within experimental error. Note that spectra could only be 
collected at 550
o
C due to extreme fluorescence at lower temperatures. 
 
In Situ Dehydrated DRIFTS 
In order to gain a better understanding of the catalysts and their spectral changes 
during pyrolysis conditions, the zeolites were dehydrated under an inert flow (the flow 
used for pyrolysis) at a ramp rate of 10
o
C/min, where spectra were recorded every 
minute. The in situ DRIFTS spectra are given in Figures S3.4-S3.7. The sample possesses 
nearly all the same bands as in Figure 3.1, though some are shifted, except that the 858 
cm
-1
 band is clearly resolved where it is only a weak shoulder in Figure 3.1. This band is 
assigned to a TO4 vibration, specifically a T-O stretching mode.
41
 Of particular interest in 
this figure are the hydroxyl bands, specifically the bands at 3699, 2899, and 2463 cm
-1
 
that decrease in intensity with temperature, confirming the hydronium ion (H3O
+
) on a 
Brønsted acid site (OH
+
-OH2) assignment. Formation of a well-defined Brønsted acid 
hydroxyl band (3588 cm
-1
) does not occur until 160
o
C. 
 
In Situ DRIFTS during NH3-TPD 
 The Brønsted and Lewis acidity of HZSM-5 was qualitatively probed by the in 
situ adsorption of gaseous NH3 and subsequent TPD in an IR spectroscopy system, and 
the data is given in Figure S3.8 (N-H stretching region) and difference spectra in Figure 
S3.9 (NH3 bending region). Difference spectra were calculated due to the strong 
absorption of IR light by the HZSM-5 framework vibrations below 2000 cm
-1
, which is 
where critical bending modes for ammonia vibrate. It has been demonstrated in the 
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literature that NH3 adsorbs as NH4
+
 on Brønsted acid proton donor sites, it can adsorb 
intact as NH3 by donating an electron lone pair to Lewis acid sites, or can react with 
surface hydroxyls to form –NH2.
44
 Recently, Zecchina et al. performed theoretical 
calculations of NH4
+ 
ions in zeolites materials and compared the results to experimental 
data, assigning IR bands in detail to NH4
+
 ions with specific local symmetry.
45
 The 
spectra of NH3 adsorption in Figure S3.8 is complex with bands at ~3375, 3350, 3285, 
3230, 3030, 2990-2975, 2950, 2920, and 2850 cm
-1
. The difference spectra possess bands 
at 2160, 1945, 1745, 1695, 1560, 1485, 1375, 1345, 1210-1190, and 1050 cm
-1
. Key 
bands that identify a tridentate (κ3) coordinated NH4
+ 
group are a ν(N-H) band at ~3230 
cm
-1
, deformation and rotation combination bands at ~2200 and 1920 cm
-1
, and, 
according to Zecchina et al., Evans windows at ~3115 and 2875 cm
-1
.
45
 A bidentate (κ2) 
coordination can be distinguished by a higher ν(N-H) band at ~3260 cm-1, a bending 
mode at 1735 cm
-1
, and the absence of the 2200/1920 cm
-1
 combination bands, while a 
monodentate (κ1) coordination will have the higher ν(N-H) band at ~3260 cm-1, but 
neither the 1735 or 2200/1920 cm
-1 
bands.  
All zeolites in Figure S3.8, with bands summarized in Table S3.2, possess the 
Evans windows (dips) and a ~3230 cm
-1
 band, which are weakest in HZSM5-140 and 
grow in intensity up to HZSM-15. This indicates that all samples have tridentate 
coordinated NH4
+ 
species, though HZSM5-140 appears to only have a smaller amount 
due to the low intensity of the 1745 cm
-1
 bending mode. All zeolites also possess a higher 
ν(N-H) band at ~3285 cm-1 which is representative of multiple species.45-47 It is very 
difficult to assign bands in the 3380-3200 cm
-1
 range because these bands can arise from 
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different N-H bonds, which all amine, ammonia, and ammonium species have. Thus, we 
do not attempt to distinguish the type of adsorbed complex based on these bands.  
Bands in the NH3 bending region, Figure S3.9, are more reliable for distinguishing 
the type of adsorbed ammonia complex. Multiple bands appear after spectral subtraction 
that are from adsorbed ammonium species (1745, 1694, 1486-1460, 1373, and 1343 cm
-
1
). A few of these bands are not found on all samples, or are shifted with Al content, 
suggesting that there are multiple Brønsted acid sites. The characteristic Lewis acid NH3 
bands appear at 1623 and 1212-1190 cm
-1
.
16, 21, 46-49
 IR spectroscopy selection rules 
should favor the 1623 cm
-1
 (δas, asymmetric bending) band over the 1212-1190 cm
-1
 (δs, 
symmetric bending) band making it more intense due to its greater change in dipole 
moment, however, this is not the case. This suggests that the 1212-1190 cm
-1
 bands may 
just arise (during spectral subtraction) from a small shift in the main zeolite framework 
vibrations of the same frequency when ammonia is adsorbed. The 1623 cm
-1
 band is 
weak and just a shoulder indicating a low concentration of Lewis acid sites. A 1050 cm
-1
 
band is also present which could be due to a similar framework vibration shift or from 
ammonia hydrogen bonded to a hydroxyl group (OH--NH3).
46, 47
 Another possibility that 
can occur is the dissociative adsorption of ammonia forming a surface amine group, –
NH2, and a hydroxyl.
46, 47
 The 1560 cm
-1
 band observed in the difference spectra is 
characteristic of this dissociative adsorption. A temporary increase in hydroxyls, 
particularly the formation of a new one at 3697 cm
-1
, was observed in the in situ DRIFTS 
spectra during the first several minutes of adsorption, given in Figure S3.10. After 7 mins 
of ammonia adsorption the new hydroxyl intensity plateaus and then begins to decrease 
until lost. The detection of this hydroxyl formation further validates the 1560 cm
-1
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assignment to a dissociatively adsorbed amine group. Finally, a band at 1820 cm
-1
 was 
detected in the subtracted spectra. This band has an unknown origin and has never been 
observed during NH3 adsorption to the best of the author’s knowledge 
 
Supported Al2O3/SiO2 Catalyst Structure 
Surface Area and Pore Analysis 
 The BET surface area and BJH pore volume for the supported Al2O3/SiO2 catalysts 
was determined by nitrogen adsorption and is given in Table S3.3, while the pore 
distribution is given in Figure S3.11 and S3.12 and the adsorption and desorption 
isotherms are given in Figure S3.13. The supported Al2O3/SiO2 catalysts exhibit surface 
areas in the range of 250-315 m
2
/g. In general, the surface area decreases with increasing 
surface alumina loading. Pore volume for the catalysts is between 1.0-1.4 cm
3
/g. The 
pore distribution is broad and indicates that the majority of pore volume originates from 
interparticle spacings, which is consistent with the structure of fumed silica, i.e. silica 
particles linked into chains.  
 Micropore analysis was performed on the 10% Al2O3/SiO2 catalysts based on argon 
adsorption measurements and the results are given in Figure S3.12. The pore distribution 
from argon absorption is even broader than nitrogen adsorption measurements, 
confirming that macropores are responsible for the catalysts pore volume. The micropore 
region is shown in the Figure S3.12 inset. An extremely small quantity of 16 Å 
micropores exist in this sample which account for ~0.09% of the total pore volume based 
on integration. 
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In Situ Dehydrated DRIFTS 
 As similarly done above, to gain a better understanding of the catalysts and their 
spectral changes during pyrolysis conditions, the Al2O3/SiO2 catalysts were dehydrated 
under an inert flow (the flow used for pyrolysis) at a ramp rate of 10
o
C/min, during which 
spectra were recorded every minute. The in situ IR spectra for catalysts dehydrated under 
pyrolysis conditions are given in Figures S3.14-S3.20. The spectra possess the same 
bands as in Figure 3.2, though shifted slightly. The most noticeable difference is in the 
hydroxyl region which initially has a broad band corresponding to chemi/physisorbed 
water (3700-2900 cm
-1
), but eventually has less geminal hydroxyl bands (3700-3500 cm
-
1
) at ~500-650
o
C than the dehydration under an oxidizing atmosphere. This is most likely 
due to the experimental procedure used, which involved cooling the sample down to 90
o
C 
in the oxidizing atmosphere, a temperature at which small amounts of water in the inert 
gas or pipe lines could contribute to an increased hydroxyl signal. Though no significant 
differences manifest during pyrolysis conditions, these spectra will be extremely useful 
data points for subtraction and reference. 
 
In Situ DRIFTS during NH3-TPD 
The Brønsted and Lewis acidity of the Al2O3/SiO2 catalysts was qualitatively 
probed by the in situ adsorption of gaseous NH3 and subsequent TPD in an IR 
spectroscopy system, and the data is given in Figure S3.24 for the N-H stretching region 
and Figure S3.25 for the NH3 bending region. For reference, NH3-TPD was performed on 
the SiO2 support, given in Figure S3.26, and revealed no adsorption bands indicating it 
has no appreciable acidity. The N-H stretching region in Figure S3.24 is even more 
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complex than the same region for HZSM-5 catalysts, even by simply adding 1 wt% 
Al2O3, with bands at 3373, 3350, 3304, 3286, 3240, 3201, 3048, 2962, 2923, and 2852 
cm
-1
. The NH3 bending region in Figure S3.25 reveals bands at 2155, 1931, 1690, 1623, 
1460, 1330, and 1185 cm
-1
. Once again, the N-H stretching region is extremely complex 
and is representative of a multitude of adsorbed species that increase with Al content. The 
NH3 bending region will be used to identify the types of adsorbed species present. A list 
of observed bands and their assignments is given in Table S3.6 for simplicity and quick 
reference. 
 As similarly seen on HZSM-5, the 2155 and 1931 cm
-1
 bands are visible along 
with the Evans windows (dips) at ~3115 and 2875 cm
-1
 indicating the presence of 
tridentate coordinated NH4
+
 species. The Evans windows are most pronounced in 1% 
Al2O3/SiO2 due to the sharper bands from a low concentration of adsorbed species 
whereas the highest Al loading has large broad bands from a high concentration of 
adsorbed species that partially obscure the Evans windows. Bands at 1623 and 1185 cm
-1
, 
belonging to Lewis acid NH3, are in the correct proportion based on IR spectroscopy 
selection rules and the 1623 cm
-1
 band is more intense relative to the 1460 cm
-1
 NH4
+
 
band, when compared to HZSM-5 catalysts, indicating that supported Al2O3/SiO2 
catalysts possess a higher relative concentration of Lewis to Brønsted acid sites. The 
Lewis acid bands increase with Al content, except for 10% Al2O3/SiO2, which is due to 
the poor quality of the difference spectra. All N-H stretching vibrations (Figure S3.24) 
grow more intense with Al content indicating that Lewis acid sites do not significantly 
decrease at 10% Al2O3/SiO2, as suggested by Figure S3.25. The characteristic band 
(~1560 cm
-1
) for dissociatively adsorbed amine groups is not present. Additional bands in 
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the bending region, at 1690, 1460, and 1330 cm
-1
, are assigned to ammonium ions on 
Brønsted acid sites, but their coordination cannot be definitively determined. 
 
 
Table S3.1. BET surface area and BJH pore volume 
determined by nitrogen adsorption on HZSM-5 catalysts. 
Catalyst Si/Al  
Surface Area 
(m
2
/g) 
Pore Volume 
(cm
3
/g) 
HZSM-5 
15 436.7 0.264 
25 441.5 0.261 
40 456.4 0.268 
140 395.2 0.208 
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Table S3.2. Adsorbed ammonia DRIFTS vibrations from HZSM-5 experimental data in 
Figures 4 and 5 and their assignments. “κ” represents denticity, i.e. κ3 = tridentate, and “w” 
= weak band. 
Si/Al =  15 25 40 140 
Possible 
Assignments 
Assignment In 
This Work 
Unperturbed
ν(N-H) 
3375 3380 3378 3378 NH2, NH3, NH4
+
 Multiple 
H-Bonded 
ν(N-H) 
3348 3348 3348 3348 NH2, NH3, NH4
+
 Multiple 
 
3283 3285 3285 3285 NH2, NH3, NH4
+
 Multiple 
 
3234 3229 3221 3234 NH3, κ
3
 - NH4
+
 κ3 - NH4
+
 
Combination 
Bands 
3031  
2950  
2923 
3028  
2991  
2926 
3033  
2985  
2923 
3023  
2975 
2923  
2853 
Multiple Multiple 
Deformation 
and Rotation 
Combination 
Bands 
2157 2157 2157 2157 κ3 - NH4
+
 κ3 - NH4
+
 
1945 1945 1945 1945 κ3 - NH4
+
 κ3 - NH4
+
 
Bending 1820 1820 1820 1820 Unknown None 
Modes 1745 1745 1745 1745 κ
2/κ3 - NH4
+
 κ2/κ3 - NH4
+
 
 
1694 1694 1694 1694 NH4
+
 NH4
+
 
 
1623 1623 1623 - NH3, κ
2/κ3 - NH4
+
 NH3 
 
1560 1560 1560 1560w NH2 NH2 
 
1486 1486 1486 1460 NH4
+
 NH4
+
 
 
- - 1373 1373 NH4
+
 NH4
+
 
 
1343 1343 1343 1343 κ2/κ3 - NH4
+
 κ2/κ3 - NH4
+
 
 
1190 1190 1200 1212 NH3 NH3 
 
1041 1041 1050 1051 OH--NH3 OH--NH3 
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  Table S3.3. BET surface area and BJH pore volume 
determined by nitrogen adsorption on supported Al2O3/SiO2 
catalysts. 
Catalyst Wt. % 
Surface Area 
(m
2
/g) 
Pore Volume 
(cm
3
/g) 
x% Al2O3/SiO2 
0 330.0 - 
1 311.9 1.112 
3 314.7 1.172 
5 298.6 1.376 
10 270.6 1.080 
 
Table S3.4. Hydroxyl groups in the dehydrated supported Al2O3/SiO2 samples according 
to 
1
H MAS NMR. 
Catalyst 
Terminal 
SiOH        
(1.6 ppm) 
AlOH     
(2.4 ppm)  
Hydrogen-
Bonded SiOH 
(3.5 ppm) 
Total intensity 
(Arb. Units) 
Calculated Al2O3 
Coverage 
(Monolayers) 
1% Al2O3/SiO2 0.78 0.03 0.19 1 0.11 
3% Al2O3/SiO2 0.58 0.09 0.19 0.86 0.34 
5% Al2O3/SiO2 0.52 0.12 0.18 0.82 0.57 
10% Al2O3/SiO2 0.36 0.21 0.18 0.75 1.15 
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Table S3.5. The 
27
Al NMR spectral parameters for 
hydrated 1-10 wt.% Al2O3/SiO2 catalysts as measured 
at a 21.1 T magnetic field. 
 Catalyst Coordination Weight 
δiso, 
ppm 
CQ, 
MHz 
1% Al2O3/SiO2 
(4) 0.32 61 5.45 
(5) 0.27 40 5.5 
(6) 
0.28 7 4 
0.05 6 4 
0.08 -12 4 
 
(4) 0.44 61 5.45 
3% Al2O3/SiO2 (5) 0.29 36 5.5 
 
(6) 
0.23 5 4 
  0.04 5 3 
 
(4) 0.38 62 5.45 
5% Al2O3/SiO2 (5) 0.27 36 6.2 
 
(6) 
0.3 7 4 
  0.05 6 4 
 
(4) 0.38 62 5.45 
10% Al2O3/SiO2 (5) 0.37 36 5.5 
 
(6) 
0.21 6 4 
  0.04 6 4 
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Table S3.6. Adsorbed ammonia DRIFTS vibrations from Al2O3/SiO2 experimental data 
in Figures 11 and 12 and their assignments. “κ” represents denticity, i.e. κ3 = tridentate. 
  1AlSi 3AlSi 5AlSi 10AlSi Possible Assignments 
 Assignment In 
This Work 
Unperturbed 
ν(N-H)  3373 3373 3373 3373 NH2, NH3, NH4
+
 Multiple 
H-Bonded 
ν(N-H) 
 
3350 3349 3349 3349 NH2, NH3, NH4
+
 Multiple 
3304 3304 3304 3304 NH2, NH3, NH4
+
 Multiple 
3286 3287 3285 3281 NH2, NH3, NH4
+
 Multiple 
3240 3238 3237 3238 NH3, κ
3
 - NH4
+
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Figure S3.1. Pore distribution based on nitrogen adsorption for HZSM-5 (Si/Al) catalysts. 
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Figure S3.2. Nitrogen adsorption and desorption isotherms of HZSM-5 (Si/Al) catalysts. In the 
graph legend, Ads indicates an adsorption isotherm and Des indicates a desorption isotherm. 
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Figure S3.3. In situ Raman spectroscopy (442nm excitation) of HZSM-5 catalysts dehydrated at 
550
o
C under O2/Argon flow. 
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Figure S3.4. In situ DRIFTS of HZSM5-15 dehydrated under an Argon flow during a pyrolysis 
temperature programmed procedure (10
o
C/min). 
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Figure S3.5. In situ DRIFTS of HZSM5-25 dehydrated under an Argon flow during a pyrolysis 
temperature programmed procedure (10
o
C/min). 
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Figure S3.6. In situ DRIFTS of HZSM5-40 dehydrated under an Argon flow during a pyrolysis 
temperature programmed procedure (10
o
C/min). 
 
3800 3300 2800 2300 1800 1300 800
8
5
8
Argon Dehydration
3
6
9
9
9
7
3
1
0
7
4
1
2
1
2
 
 
In
te
n
s
it
y
 (
a
.u
.)
Wavenumber (cm
-1
)
1
0
4
5
3
5
9
8
3
7
3
6
8
1
6
1
9
8
2 1
8
6
3 1
6
2
2
1389HZSM5-40
0.2 a.u.
600
o
C
 
100
o
C
500
o
C
640
o
C
400
o
C
300
o
C
200
o
C
40
o
C
 90 
 
  
 
Figure S3.7. In situ DRIFTS of HZSM5-140 dehydrated under an Argon flow during a pyrolysis 
temperature programmed procedure (10
o
C/min). 
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Figure S3.8. In situ DRIFTS (N-H stretching region) of NH3-TPD on HZSM5-X with different 
Si/Al ratios (X). TPD conditions were 5
o
C/min ramp rate during an Argon flow (30 ml/min). 
 92 
 
 
Figure S3.9. In situ DRIFTS difference spectra (NH3 bending region) of NH3-TPD on HZSM-5 
with different Si/Al ratios. Spectra before adsorption were subtracted from spectra after NH3 
adsorption. 
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Figure S3.10. In situ DRIFTS spectra (O-H and N-H stretching region) of NH3 adsorption on 
HZSM5-15.  
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Figure S3.11. Pore distribution based on nitrogen adsorption for supported 1-5% Al2O3/SiO2 
catalysts. Argon adsorption was performed for the 10% Al2O3/SiO2 catalyst. 
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Figure S3.12. Micropore and macropore distribution based on argon adsorption for the 10% 
Al2O3/SiO2 catalyst. 
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Figure S3.13. Nitrogen adsorption isotherms for supported Al2O3/SiO2 catalysts. In the graph 
legend, 1% Al/Si denotes a 1% Al2O3/SiO2 catalyst, Ads indicates an adsorption isotherm, and 
Des indicates a desorption isotherm. For the 10% Al2O3/SiO2 catalyst argon adsorption was 
performed. 
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Figure S3.14 In situ DRIFTS of SiO2 dehydrated under an Argon flow during a pyrolysis 
temperature programmed procedure (10
o
C/min). 
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Figure S3.15. In situ DRIFTS of 1% Al2O3/SiO2 dehydrated under an Argon flow during a 
pyrolysis temperature programmed procedure (10
o
C/min). 
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Figure S3.16. In situ DRIFTS of 3% Al2O3/SiO2 dehydrated under an Argon flow during a 
pyrolysis temperature programmed procedure (10
o
C/min). 
 
3800 3300 2800 2300 1800 1300 800
1
0
2
0Argon Dehydration
9
7
6
1
0
7
7
1
1
9
5
 
 
In
te
n
s
it
y
 (
a
.u
.)
Wavenumber (cm
-1
)
1
0
4
8
3
7
4
0 8
3
0
1
9
7
2 1
8
5
2 1
6
1
3
13503AlSi
0.2 a.u.
600
o
C
 
100
o
C
500
o
C
640
o
C
400
o
C
300
o
C
200
o
C
60
o
C3700-3500
 100 
 
  
 
Figure S3.17. In situ DRIFTS of 5% Al2O3/SiO2 dehydrated under an Argon flow during a 
pyrolysis temperature programmed procedure (10
o
C/min). 
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Figure S3.18. In situ DRIFTS of 10% Al2O3/SiO2 dehydrated under an Argon flow during a 
pyrolysis temperature programmed procedure (10
o
C/min). 
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Figure S3.19. In situ IR spectroscopy of x% Al2O3/SiO2 catalysts dehydrated at 500
o
C under an 
Argon flow. 
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Figure S3.20. In situ IR spectroscopy of x% Al2O3/SiO2 catalysts dehydrated at 650
o
C under an 
Argon flow. 
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Figure S3.21 The 
1
H MAS NMR spectra of the dehydrated x wt.% Al2O3/SiO2 samples, x = 0, 1, 
3, 5 and 10% (x = 0 corresponds to the silica support) acquired at the magnetic field of 9.4 T and 
the MAS spinning frequency of 13 kHz. (Left inset) Deconvolution of the spectrum for 5 wt.% 
Al2O3/SiO2 sample. (Right inset) Relative intensity of resonances from different OH groups as a 
function of Al2O3 content. The notation Si-OH and Al-OH indicates that the hydroxyl groups are 
associated with Al hydroxyls (isolated, bridging, etc.) or Si hydroxyls (silanol, geminal, vicinal, 
etc.). 
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Figure S3.22. The 
27
Al MAS NMR spectra of supported Al2O3/SiO2 samples hydrated 
under ambient conditions. (1) 13 kHz MAS at 9.4 T; (2) 30 kHz MAS at 21.1 T. (a) 1 
wt.% Al2O3/SiO2; (b) 3 wt.% Al2O3/SiO2; (c) 5 wt.% Al2O3/SiO2; (d) 10 wt.% 
Al2O3/SiO2. (Below)  
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Figure S3.23. The 
27
Al 3QMAS NMR spectrum of the hydrated 10 wt.% Al2O3/SiO2 
catalyst acquired at the magnetic field of 19.5 T and MAS spinning speed of 20 kHz.  
The NMR parameters found for the four different sites are as follows, δiso = 4 ppm, 10 
ppm, 38 ppm, and 65 ppm, while the quadrupole product PQ= 3.5, 3.7, 6.5, and 7.0 MHz. 
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Figure S3.24. In situ DRIFTS (N-H stretching region) of NH3-TPD on x% Al2O3/SiO2 catalysts. 
TPD conditions were 5
o
C/min ramp rate during an Argon flow (30 ml/min). 
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Figure S3.25. In situ DRIFTS difference spectra (NH3 bending region) of NH3-TPD on x% 
Al2O3/SiO2 catalysts. Spectra before adsorption were subtracted from spectra after NH3 
adsorption. 
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Figure S3.26. In situ DRIFTS (N-H stretching region) of NH3-TPD on SiO2. TPD conditions 
were 5
o
C/min ramp rate during an Argon flow (30 ml/min). 
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Chapter 4 
Catalytic Pyrolysis of Cellulose and Glucose 
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Abstract 
Studies that correlate the various solid acid catalytic active sites with product 
formation are considerably lacking in the biomass conversion literature. This chapter 
attempts to correlate surface Lewis and Brönsted acid sites of varying alumina 
coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals produced by 
 111 
catalytic cellulose and glucose pyrolysis by employing H-ZSM-5 and supported 
Al2O3/SiO2 catalysts with more well-defined surface alumina sites and operando 
molecular Raman-IR-GC-MS spectroscopy during pyrolysis. 
Results of operando spectroscopy experiments during glucose pyrolysis revealed 
that there are several surface intermediates on the catalyst, including two different surface 
intermediates containing furan rings, conjugated alkenes, and alkenes conjugated to 
aromatic rings. Cellulose and glucose pyrolysis were found to proceed via different 
reaction mechanisms and catalytic active sites. The conversion of glucose involved weak 
AlO6 Brönsted acid sites and medium strength surface AlO5 Brönsted acid sites. 
Cellulose pyrolysis involved the same surface intermediates as for glucose pyrolysis, but 
proceeded with different catalytic active sites. The production of value-added chemicals 
from cellulose all correlated with the amount of strong Brönsted acid sites from surface 
AlO4 or AlO5 sites, except naphthalene, which correlated with medium strength AlO6 
Lewis acid sites. 
 These fundamental molecular level new insights into catalytic biomass pyrolysis 
emphasize that production of desired chemicals is not only a function of biomass 
feedstock, but also a balance of the surface Lewis and Brönsted catalytic active sites in 
the catalyst. 
 
1. Introduction 
1.1 Thermal Pyrolysis of Cellulose and Glucose 
 The thermal pyrolysis of cellulose and glucose, without a catalyst, has been 
studied for decades.
35, 41, 56, 62, 68, 69, 104, 105, 114-118, 123-125, 164, 209-222
 Studies typically focused 
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on product analysis via GC-FID/MS, FTIR of the pyrolytic vapors and decomposition 
mechanism, kinetics via TGA. Pyrolysis GC-MS and Molecular Beam Mass 
Spectrometry (MBMS) research has provided a wealth of knowledge about the products 
of thermal pyrolysis.
68, 69, 124, 209
 TGA research, along with DSC, has indentified the 
critical temperature regions where cellulose decomposes to form different products.
35, 123, 
125, 210, 211, 213
 However, the biomass pyrolysis literature seems to be in disagreement about 
the number of “temperature zones” that are important, with some authors claiming there 
are just two important zones and others up to six.  
The literature agrees, at least, that the primary region of thermal decomposition of 
cellulose and glucose occurs between 315-400
o
C and is an endothermic process 
producing volatiles (H2, CO, CO2, CH3OH, etc.). After volatile release, the cellulose 
decomposition becomes exothermic and produces other main products such as anhydro 
sugars (levoglucosan, anhydroglucofuranose, etc.) and furans. Cellulose pyrolysis 
produces the smallest amount of char (4-11 wt%) compared to the other biomass 
components of hemicellulose and lignin.
211
 The thermal decomposition can be described 
by simple first order kinetics.
210, 211
 
The presence of mineral/inorganic contaminants in biomass has been shown to have 
a large effect on the speciation of major pyrolysis products formed. Contaminants always 
lead to a decrease in levoglucosan and an increase in acids, aldehydes, and phenols.
164, 214, 
216, 217, 223, 224
 Patwardhan et al. found that inorganic salt concentrations as low as 0.005 
mmoles/g of cellulose were adequate enough to dramatically affect the resulting 
speciation of pyrolysis products, decreasing the levoglucosan yield by 20-30%.
214
 They 
also determined that “relative to the reduction in levoglucosan yield the following trends 
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were observed: (a) cations – K+ > Na+ > Ca2+ > Mg2+; (b) anions – Cl- > NO-3 ~ OH- > 
CO2
-3
~ PO3
-4
.” Naturally occurring alkali and alkaline earth metals in biomass samples 
strongly catalyze ring-breaking reactions that are responsible for the formation of light 
oxygenate products such as formic/acetic acid (HCOOH/CH3COOH), glycolaldehyde 
(HOCH2CHO), and acetol (CH3COCH2OH). A simple acid wash with 0.1M HNO3 
followed by filtration and further washing with three successive rinse of deionized water 
can remove the majority of contaminants form biomass samples.
164
 
Several researchers have examined the effect of the β(1-4) glycosidic linkage on the 
formation of major cellulose pyrolysis products, namely levoglucosan.
104, 164, 218, 222, 223
 It 
was determined that the yield of levoglucosan is relatively insensitive to the orientation 
and position of the glycosidic linkage, except with a 1,6-linked polysaccharide. 
Levoglucosan yield was also found to correlate with the degree of polymerization of the 
(poly)saccharides as follows: polysaccharides > oligosaccharides > disaccharides > 
monosaccharides. This indicates that the glycosidic linkage is crucial for levoglucosan 
formation. Additionally, the yield of light oxygenates/furans either correlated inversely 
with levoglucosan yield or did not change which suggests that these low molecular 
weight compounds and levoglucosan are formed through competitive pyrolysis reactions 
rather than sequential ones. Recent work suggests that this difference is due to the 
reducing end-group-to-monomer ratio in glucose and polymers. 
The mechanism of levoglucosan formation has received significant attention 
recently because it is the main cellulose pyrolysis product and has been identified as a top 
value added chemical from biomass.
41, 47, 56, 115-118
 It was determined from TGA, DSC, 
Mass spectrometry, HPLC, and gel filtration experiments that levoglucosan is initially 
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formed as a liquid during cellulose pyrolysis and undergoes competing processes of A) 
evaporation and B) polymerization followed by dehydration into low molecular weight 
products and char. The formation of low molecular weight products, such as 5-
hydroxymethylfurfural, furfural, and anhydroxylopyranose, are considered secondary 
pyrolysis reactions. Levoglucosan yield can be altered and secondary reactions 
suppressed significantly by optimizing the following experimental variables: sample size, 
carrier/sweep gas rate, heating rate, and biomass moisture content. Oddly, high heating 
rates (fast pyrolysis) lead to more levoglucosan formation but the levoglucosan quickly 
polymerizes and cannot be recovered. Thus, slow heating rates maximize the amount of 
useable levoglucosan. Recent isotopic and computational studies suggest that 
levoglucosan is deoxygenated within the liquid phase and that contraction of the 
glucopyranose ring (6-membered) to the glucofuranose ring (5-membered) is the key 
process for depolymerization of cellulose.
115, 116
 
This work will compare thermal pyrolysis, used as “blank” reactions, to catalytic 
pyrolysis to determine the effects of the nature of catalytic active sites on cellulose and 
glucose pyrolysis reaction products. 
 
1.2 Catalytic Pyrolysis of Cellulose and Glucose 
Many studies have examined various catalyst properties and reaction parameters 
during glucose and cellulose pyrolysis in order to understand how they affect product 
selectivity for important value-added chemicals and fuels. Selectivity to aromatic 
products or value-added chemicals was determined to be a function of catalyst-to-
biomass weight ratio, heating rate, pore size, and reaction temperature.
39, 40, 62, 89, 225, 226
 It 
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was demonstrated that H-ZSM-5, with a Si/Al ratio ~ 30, gives the best selectivity to 
aromatics compared to amorphous silica-aluminas, other zeolites, and other supported 
metal or metal oxide catalysts.
39, 95, 226-231
 However, physical mixtures of Siral 5, an 
amorphous silica-alumina, and H-ZSM-5 was shown to have a synergistic effect on the 
yield of aromatics relative to either catalyst alone.
95
 
The addition of H-ZSM-5 catalysts to the pyrolysis reactor lowers the temperature 
at which the fragmentation and dehydration reactions of cellulose and glucose occur.
225
 
Isotopic labeling studies with mixtures of normal 
12
C-glucose and 
13
C-glucose indicated 
that anhydrosugars, furan, furfural, and acetic acid formed from dehydration and re-
arrangement reactions of glucose with H-ZSM-5 because the detected products contained 
either all 
12
C or 
13
C.
232
 All aromatic products contained a mixture of isotopic carbons 
suggesting that they formed from a hydrocarbon pool inside the H-ZSM-5 zeolite 
pores.
232, 233
 One study changed the amount of Lewis acidity in H-ZSM-5 via doping with 
lithium, strontium, and zinc and found that surface Lewis acidity increases the selectivity 
to furan, decreases the selectivity to aromatics, and provides greater stability with 
multiple uses.
95
  
The formation of char and coke, major products of pyrolysis, has also received 
renewed attention.
107, 228, 234
 It has been suggested that char forms as an external layer on 
the catalyst surface and in macropores while coke forms inside zeolite micropores. 
Catalyst deactivation is attributed to macropore blocking by char during slow pyrolysis or 
micropore blocking by coke during fast pyrolysis. Raman spectroscopy of post-reaction 
glucose char revealed typical D and G bands of graphite-like aromatic coke and other 
bands related to poorly-structured aromatics.
228
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Studies that correlate the various solid acid catalytic active sites with product 
formation are considerably lacking in the biomass pyrolysis literature. This chapter 
attempts to correlate surface Lewis and Brönsted acid sites of varying alumina 
coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals produced by 
catalytic cellulose and glucose pyrolysis, major components of biomass, by employing H-
ZSM-5 and our own supported Al2O3/SiO2 catalysts with more well-defined surface 
alumina sites. 
 
2. Results 
2.1 Product Detection via GC-MS 
All indentified glucose pyrolysis products are given in Table 4.1 and cellulose 
pyrolysis products in Table 4.2 along with their assignment probability calculated by the 
NIST MS Search 2.0 or Varian MS Data Review program. The cracking pattern of many 
products was confirmed by standards as indicated by “confirmed” in the assignment 
probability column. A total of 57 products were indentified between all glucose and 
cellulose pyrolysis experiments, 17 major products were detected during pure biomass 
pyrolysis and an additional 40 from catalytic pyrolysis. As discussed in the experimental 
section, this analysis only samples a very small amount of the reaction gases so certain 
products may not be detected across all catalysts, even though it is produced by all 
catalysts. For example, toluene is surely produced by the HZSM5-140 catalyst, as will be  
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Table 4.1. Products of glucose pyrolysis identified by GC-MS analysis. Green highlights 
indicate products formed from non-catalytic pyrolysis. A “vol” retention time indicates 
that the product did not adsorb on the GC column. A “lit” assignment probability 
indicates an assignment made based on literature observed products and our experimental 
cracking patterns, but it could not be determined directly with analysis software due to 
various reasons (low signal, multiple products eluted at once, etc.) 
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
    
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi Glucose          
vol 58 Acetone confirmed X 
    
vol 68 Furan confirmed X X X X X 
vol 92 Toluene confirmed 
  
X 
  
vol 82 2-methylfuran lit X     X X 
vol 76 Hydroxyacetic Acid 67 
 
X 
   
vol 32 Methanol confirmed 
  
X 
  
vol 84 2(5H)-furanone 64   X X X X 
vol 96 Furfural confirmed X X X X X 
vol 78 Benzene confirmed X 
    
vol 106 (m-, o-, p-) Xylene confirmed X 
    
vol 110 
5-methyl-2-
furancarboxaldehyde 
91   X X X X 
7.7 118 Benzofuran 78 
 
X 
   
15.5 116 Indene 54 X X 
   
18.7 116 
Benzene, 1-ethynyl-4-
methyl 
75 X X 
   
19.5 124 
2,5-
furandicarboxaldehyde 
81     X X X 
25.9 132 Benzofuran, 2-methyl 67 X 
    
28.6 126 Levoglucosenone 97 X X X X X 
32.9 126 Maltol 95 
  
X X 
 
41.2 128 Naphthalene confirmed X X X X 
 
51.6 144 
1,4:3,6-Dianhydro-α-d-
glucopyranose 
95 X       X 
52.0 126 
2-furancarboxaldehyde, 5-
(hydroxymethyl) 
89 
  
X 
  
55.7 142 Naphthalene, 1-methyl 70 X X X X 
 
68.3 132 1H-indenol 64 
 
X 
   
69.1 156 Naphthalene, 1-ethyl 64 X 
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70.6 156 Naphthalene, 2,6-dimethyl 29 X X 
 
X 
 
73.7 154 Naphthalene, 2-ethenyl 74 X X 
   
76.6 148 
2-methyl-5-
hydroxybenzofuran 
60 
 
X 
   
81.0 162 
Unidentified 1 (m/z 162, 
108, 52, 80, 121, 51) 
- 
 
X 
   
81.7 168 1,1'-Biphenyl, 4-methyl 35 X 
    
83.2 168 Dibenzofuran 92 X X X 
  
86.0 144 2-Naphthalenol 50 X X 
   
87.5 170 
Naphthalene, 2,3,6-
trimethyl 
39 X 
    
90.7 166 Fluorene 81 X X X X 
 
96.7 182 Dibenzofuran, 4-methyl 55 X 
    
103.3 180 9H-Fluorene, 2-methyl- 39 X 
 
X X 
 
110.9 178 Phenanthrene confirmed X X X X X 
112.2 178 Anthracene 33 X 
 
X X X 
122.1 278 
1,2-Benzenedicarboxylic acid, 
bis(2-methylpropyl) ester 
18 
 
X 
   
124.0 192 Anthracene, 2-methyl 37 X X     X 
129.1 162 Levoglucosan 76         X 
134.8 206 Phenanthrene, 1,7-dimethyl 26 X 
    
140.9 202 Pyrene confirmed     X X X 
179.2 390 
1,2-Benzenedicarboxylic 
acid, mono(2-ethylhexyl) 
ester 
64         X 
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Table 4.2. Products of cellulose pyrolysis identified by GC-MS analysis. Green 
highlights indicate products formed from non-catalytic pyrolysis. A “vol” retention time 
indicates that the product did not adsorb on the GC column. A “lit” assignment 
probability indicates an assignment made based on literature observed products and our 
experimental cracking patterns, but it could not be determined directly with analysis 
software due to various reasons (low signal, multiple products eluted at once, etc.) 
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
    
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi Cellulose  
vol 58 Acetone confirmed       X X 
vol 68 Furan confirmed X   X X X 
vol 92 Toluene confirmed X 
    
vol 82 2-methylfuran lit X   X X X 
vol 60 Acetic Acid 74 X 
    
vol 84 2(5H)-furanone 64 X   X X X 
vol 96 furfural confirmed X X X X X 
vol 98 2-furanmethanol lit 
  
X 
  
vol 78 Benzene confirmed X 
 
X X 
 
vol 110 
5-methyl-2-
furancarboxaldehyde 
91 X   X X X 
7.7 118 Benzofuran 78 
 
X 
   
11.5 122 Benzaldehyde, 2-hydroxy 67 
 
X 
   
15.8 112 
2-cyclopenten-1-one, 2-
hydroxy-3-methyl 
71 
  
X 
  
15.5 116 Indene 54 X X 
   
18.7 116 
Benzene, 1-ethynyl-4-
methyl 
75 X X X X 
 
22.9 148 Furan, 2,2'-methylenebis 81 
 
X 
   
25.9 132 Benzofuran, 2-methyl 67 X X X 
  
28.6 126 Levoglucosenone 97 X X X X X 
31.1 138 
2-cyclohexen-1-one, 3,5,5,-
trimethyl 
82 
   
X 
 
32.9 126 Maltol 95 X X X X 
 
41.2 128 Naphthalene confirmed X X X X 
 
51.6 144 
1,4:3,6-Dianhydro-α-d-
glucopyranose 
95 X X X X 
 
55.7 142 1-methylnaphthalene 70 X X X 
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56.7 142 2-methylnaphthalene 70 X X X X 
 
68.2 148 
2H-1-Benzopyran-2-one, 
3,4,-dihydro 
63 X 
    
68.3 132 1H-indenol 64 
 
X 
   
70.6 156 2,6-dimethylnaphthalene 29 X X X 
  
73.7 154 Naphthalene, 2-ethenyl 74 X X 
   
76.6 148 
2-methyl-5-
hydroxybenzofuran 
60 
 
X 
   
81.0 162 
Unidentified 1 (m/z 162, 
108, 52, 80, 121, 51) 
- 
 
X X 
  
83.2 168 Dibenzofuran 92 X X X 
  
86.4 194 
Benzoic acid, 4-ethoxy-, 
ethyl ester 
98 X   X X X 
90.7 166 Fluorene 81 X X X X 
 
92.8 192 
Unidentified 2 (m/z 192, 
109, 68, 81, 55, 39) 
- X X X X 
 
93.8 222 Diethyl Phthalate 82 X 
  
X 
 
96.7 182 Dibenzofuran, 4-methyl 55 X X 
 
X 
 
106.7 234 
Benzoic acid, 2-ethylhexyl 
ester 
77 X 
  
X 
 
110.9 178 Phenanthrene confirmed X   X X X 
112.2 178 Anthracene 33 X X X   X 
116.4 214 
Benzene, 1,1'-[1,2-
ethanediylbis(oxy)]bis- 
96 X 
 
X X 
 
122.1 278 
1,2-Benzenedicarboxylic 
acid, bis(2-methylpropyl) 
ester 
18 X 
 
X X 
 
124.0 192 Anthracene, 2-methyl 37 X X X 
  
129.1 162 Levoglucosan 76 X X     X 
130.9 162 
1,6-anhydro-β-D-
glucofuranose 
47 
 
X 
   
140.9 202 Pyrene confirmed X   X X X 
174.6 390 
Carbonic acid, octadecyl 
phenyl ester 
72 X 
 
X X 
 
179.2 390 
1,2-Benzenedicarboxylic 
acid, mono(2-ethylhexyl) 
ester 
64 X   X X X 
199.0 410 Squalene 45 X   X X X 
 
shown in the operando spectroscopy data later, but it could not be accurately indentified 
by the GC-MS. 
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Based on the summary of platform chemicals from biomass conversion (Chapter 1, 
§1.4), the following products will be considered for further analysis via operando 
spectroscopy experiments: toluene, 2-methylfuran, furfural, benzene, xylene, 
levoglucosenone, naphthalene, and levoglucosan. Expanding on these platform 
chemicals, several molecules closely related or produced in large quantities will also be 
considered:  Anhydrosugars) 1,4:3,6-dianhydro-α-d-glucopyranose and 1,6-anhydro-β-
D-glucofuranose, Aromatics) 2-hydroxybenzaldehyde, indene, and 2-naphthalenol, 
Furans) 5H-furan-2-one, 5-methy-2-furancarboxaldehyde, 2,5-furandicarboxaldehyde, 2-
methylbenzofuran, benzofuran, 2-methyl-5-hydroxybenzofuran, and 2-methylfuran, 
Oxygenates) maltol, hydrocoumarin, cyclotene, isophorone, and diethyl phthalate, 
Others) H2O, CO, O2, CO2, Acetone, Formic Acid, Acetic Acid, Methanol, and 
Hydroxyacetic acid.  
  
2.2 In Situ and Operando Spectroscopy during Glucose Pyrolysis 
2.2.1 Pure D-Glucose 
The in situ IR and operando Raman spectroscopy data of pure glucose pyrolysis are 
given in Figure 4.1. Bands from glucose are initially present in both the IR and Raman 
spectra. Assignments of these glucose bands have been the focus of entire series of 
publications and are not to be discussed in detail here.
235-238
 Only the band assignments 
relevant to biomass conversion will be discussed. No band in particular can be observed 
to decrease before the others in the Raman spectra (Fig. 4.1A), however, the IR spectra 
(Fig. 4.1B) reveal that bands in the range of 1100-950 cm
-1
 decrease significantly by 
150
o
C while bands at 1161 and 1125 cm
-1
 still remain quite intense. Decreased bands in  
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Figure 4.1. Operando Raman spectroscopy and in situ IR spectroscopy during glucose 
pyrolysis without a catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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the 1100-950 cm
-1
 region have been associated with C-1-H (reducing end of 
polysaccharide cellulose), C-O-H, and CH2 vibrations of glucose while the remaining 
vibrations are often assigned to C-C, C-H, and C-O-H combination bands of no particular 
carbon in the ring.
235, 236
 
After decomposition, bands at 1180, 1248, 1347, 1402, 1580, and 1727 cm
-1
 remain 
in the Raman spectra. Bands at 1347 and 1580 cm
-1
 can be assigned to the D and G bands 
of graphite-like polymeric aromatic hydrocarbons while bands at 1180, 1248, and 1402 
cm
-1
 are closely associated with phenanthrene and anthrancene bands and can be assigned 
as defective aromatic polymers.
228, 239-241
 The 1727 cm
-1 
band is cautiously assigned to a 
C=O or C=C vibration because the band can artificially arise from a software error when 
combining different spectrum regions at ~1740-1810 cm
-1
. Remaining bands in the IR 
spectra are attributed to remaining char with the following functional groups: C-H (878), 
CH2 (2927, 1416), C-C (1053), C-O (1134, 1194), C=C (1604), and C=O (1723). 
Real-time mass spectrometry data is given in Figures 4.1C-G and is broken into 
several categories. Products begin to form at a low temperature, ~180
o
C, which is slightly 
above the melting point of glucose (146
o
C). The two major detected products of glucose 
pyrolysis are CO2 and levoglucosan. Notably, levoglucosan is produced continuously 
from ~180
o
C until the end of the reaction at 550
o
C. There are three main peaks of product 
formation, ~230, 320, and 410
o
C. Most products reach peak production at ~320 ± 20
o
C, 
with the exceptions of 2,5-furandicarboxaldehyde, 5-methylfurfural, toluene/xylene, and 
water. Furfural, 2-hydroxybenzaldehyde, maltol, cyclotene, and CO2 have notable 
production at 230
o
C. The order of production of pyrolysis products decreased as follows: 
Others (Fig. 4.2G) > Anhydrosugars > Furans > Oxygenates >> Aromatics. 
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2.2.2 HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy data of glucose pyrolysis with 
HZSM-5 zeolite catalysts are given in Figure 4.2 (HZSM5-15) and Figures S4.1-S4.2 
(HZSM5-40 and -140). Bands from glucose are initially observed in the Raman spectra of 
HZSM-40 and -140, but not HZSM5-15 due to fluorescence. The IR spectra reveal 
varying intensities of zeolite vibrations (808, 1205, 1404 (broad), 1630, 1882, and 1987 
cm
-1
) mixed with glucose vibrations (2948, 2915, 2893, 1462, 1376, 1342, 1075, 1060 
cm
-1
) at low temperatures, before pyrolysis begins. No glucose band in particular can be 
observed to decrease before the others in the Raman or IR spectra during initial glucose 
decomposition.  
The operando Raman spectra (Figs. 4.2A, S4.1A, and S4.2A) become informative 
at ~225
o
C, when pyrolysis products begin to form. Multiple bands at 1727, 1590, ~1540 
shoulder, 1358, and 1228 cm
-1
 are observed during peak chemical production (250-
400
o
C). These bands are related to aromatic coke formation and were previously assigned 
in §2.2.1.  A new unlabeled shoulder, not observed with non-catalytic pyrolysis, at 1540 
cm
-1
 corresponds to a polyene chain length, [C=C]n, of n = ~9.
242
 The in situ IR spectra 
(Figs. 4.2B, S4.1B, and S4.1B) during pyrolysis indicate that zeolite surface structural 
changes begin to occur at ~100
o
C while biomass changes begin at 180-200
o
C. At 100
o
C, 
the broad hydroxyl region begins to form distinct bands at 3695 and 3660 cm
-1
 
corresponding to Brönsted acid sites, which are quickly consumed by ~200
o
C. The 
silanol band (3743 cm
-1
) is also consumed by 300
o
C in the HZSM5-15 sample, but does 
not appear to be completely consumed in the HZSM5-40 and -140 samples. Upon  
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Figure 4.2. Operando Raman spectroscopy and in situ IR spectroscopy during glucose 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-
Others.
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increasing temperature, biomass bands first broaden and decrease and then form more 
distinct bands related to coke and char. Two fleeting bands at 1722 and 1240 cm
-1
 exist in 
the temperature ranges of 240-400
o
C and 200-280
o
C, respectively. Bands at ~1240 cm
-1
 
are typically assigned to the C-O stretch of carboxylic acids while bands at 1722 cm
-1
 can  
be assigned to C=O stretches of various compounds. At 220-240
o
C, bands at 3144 and 
3115 cm
-1
, corresponding to the =C-H stretch in furan rings, form and increase until 
400
o
C, before decreasing.
128
 At 300
o
C, a band at 3050 cm
-1
 from the C-H stretch of 
aromatics appears and increases with temperature, indicating it’s relation to the graphite-
like aromatic coke. Remaining bands at high temperature are assigned to char or coke 
functional groups [OH (3554-3572), CH, CH2, or CH3 (2958, 2927, 2867), C=O (1705), 
and C=C (1562)] or zeolite framework vibrations (1613, 1317-1298, 1191, 1025-1047, 
and 811 cm
-1
). 
Real-time mass spectrometry data is given in Figures 4.2C-G, S4.1C-G, and S4.2C-
G and is broken into several categories. The order of production of major pyrolysis 
products decreased as follows: Others > Anhydrosugars > Furans > Aromatics ≥ 
Oxygenates. There are four to five main temperatures at which various product formation 
peaks, ~175, 290, 370, 460 (only HZSM5-15), and 560
o
C. In general, oxygenate and 
furan production occurs between 250-400
o
C, anhydrosugars between 250-450
o
C, and 
aromatics between 250-550
o
C. Differences in product formation between each catalyst 
will be discussed in a later section. 
 
2.2.3 Supported Al2O3/SiO2 Catalysts 
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The in situ IR and operando Raman spectroscopy data of glucose pyrolysis with 
supported 1-10% Al2O3/SiO2 catalysts are given in Figures 4.3 and S4.3-S4.5. Bands 
from glucose are initially best observed in the Raman spectra of 3% Al2O3/SiO2 (Fig. 
4.3A). No glucose band in particular can be observed to decrease before the others in the 
Raman spectra during pyrolysis. The IR spectra (Figs. 4.3B, S4.3-4.5B) reveal varying 
intensities of SiO2 support vibrations (836, 1045, 1200, 1350, 1625, 1862, and 1975 cm
-1
) 
mixed with glucose vibrations (2948, 2915, 2893, 2850, 1462, 1376, 1342, 1305, 1075, 
1060, and 843 cm
-1
) at low temperatures, before pyrolysis begins. The glucose band at 
1462 cm
-1
 is observed to decrease before all others, around 140-160
o
C, in the IR spectra 
during initial glucose decomposition and is assigned to the CH2 bending vibration of the 
C-6 carbon in glucose.
235, 236
 Hydrocarbon bands begin to appear in the operando Raman 
spectra (Figs. 4.3A, S4.3-4.5A) at 225-250
o
C, when major pyrolysis products begin to 
form. The same bands as zeolite catalysts appear at 1732, 1582, 1540-1530 shoulder, 
1354, 1231 and 1175 cm
-1
 during peak chemical production (250-400
o
C) and are 
assigned as in the previous sections.  
The in situ IR spectra (Figs. 4.3B, S4.3-4.5B) during pyrolysis indicate that biomass 
changes begin at 160-180
o
C. Upon increasing temperature, biomass bands initially 
broaden but quickly form several distinct bands and shoulders related to adsorbed species 
or intermediates. Bands related to intermediates and adsorbed species are located at 3149 
(220-540
o
C), 3117 (220-540
o
C), 1723 (220-480
o
C), 1663 (180-300
o
C), 1626 (160-
240
o
C), and 1606 cm
-1 
(200-500
o
C). Bands at 3149 and 3117 cm
-1
 correspond to the =C-
H stretch in furan rings, the band at 1722 cm
-1
 is typically assigned to C=O stretch of 
various compounds, the bands at 1663 and 1626 cm
-1
 are typically assigned to the C=C  
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Figure 4.3. Operando Raman spectroscopy and in situ IR spectroscopy during glucose 
pyrolysis with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-
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stretch of alkenes, and the band at 1606 cm
-1
 can be assigned to the C=C stretch of either 
an alkene or aromatic compound. At ~400
o
C, a band at 3050 cm
-1
 from the C-H stretch of 
aromatics appears and increases with temperature, indicating it’s relation to the graphite-
like aromatic coke. Remaining bands at high temperature are assigned to char or coke 
functional groups [OH (3675, 3554), CH, CH2, or CH3 (2958, 2927, 2907, 2865), C=O 
(1705), and C=C (1583)]. 
Real-time mass spectrometry data is given in Figures Figs. 4.3C-G, S4.3-4.5C-G 
and is broken into several categories. The order of production of major pyrolysis products 
decreased as follows: Others ≥ Furans > Anhydrosugars > Oxygenates > Aromatics. 
There are five main temperatures at which various product formation peaks, ~175, 270, 
370, 460 (only HZSM5-15), and 550
o
C. In general, oxygenates are produced between 
200-400
o
C, furans peak at 170 and 270
 o
C, anhydrosugars between 170-400
o
C, and 
aromatics peak at four different temperatures, 270, 370, 460, and 550
o
C. Differences in 
product formation between each catalyst will be discussed in a later section. 
 
2.2.4 Comparison of Product Formation Between Catalysts 
The production of the most important chemicals was compared across catalysts and 
the mass spectrometry data was normalized by three parameters: A) the data is inherently 
normalized by weight due to the experimental procedure, B) by catalyst surface area, and 
C) by total amount of acid sites obtained by NH3 IR band integration (only for supported 
Al2O3/SiO2).  
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Figure 4.4. Mass spectrometry data of Levoglucosan (m/z 60) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption.  
 
In general, based on normalized operando mass spectrometry data in Figures 4.4 
and S4.6-S4.14, the HZSM-5 zeolite catalysts produce more 6-membered ring aromatics 
and anhydrosugars while supported Al2O3/SiO2 catalysts produce more furan-based 
compounds. Non-catalytic glucose pyrolysis produced more 2,5-furandicarboxaldehyde 
than catalytic pyrolysis. Depending on the product, the 1 or 10% Al2O3/SiO2 catalyst is  
the most efficient per surface area, while on a per acid site basis the 1% Al2O3/SiO2 
catalyst is most efficient. Mass spectra cracking patterns from levoglucosenone interfere 
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with the furfural signal above 200
o
C, however, the supported Al2O3/SiO2 catalysts still 
produce furfural below this temperature and the data is still included in this dissertation. 
The production trends of several key products from catalytic pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figure 4.5. Only products that are enhanced  
by the presence of a catalyst are shown. Levoglucosenone and 5H-furan-2-one production 
decreases with alumina loading until 5% Al2O3/SiO2 before increasing at 10% 
Al2O3/SiO2. Furfural initially decrease then increases until 10% Al2O3/SiO2 while 
benzene, toluene/xylene, naphthalene, and 2-hydroxybenzaldehyde alternate between 
increasing and decreasing. The trend for 5-methylfurfural is roughly constant until 3%, 
decreases to 5%, and increases significantly to 10% Al2O3/SiO2. These trends will be 
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Figure 4.5. Area integrated mass spectra of select products formed during Operando 
Raman spectroscopy glucose pyrolysis with supported Al2O3/SiO2 catalysts. 
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related to specific acid sites in a later section. 
 
2.3 In Situ and Operando Spectroscopy during Cellulose Pyrolysis 
2.3.1 Pure Cellulose 
The in situ IR and operando Raman spectroscopy data of pure cellulose pyrolysis 
are given in Figure 4.6. Bands from cellulose are initially present in both the IR and 
Raman spectra. Assignments of all cellulose bands are not to be discussed in detail here, 
only band assignments relevant to biomass conversion will be discussed. No bands in 
particular can be observed to decrease before the others in the Raman (Fig. 4.6A) or IR 
spectra (Fig. 4.6B).  
During cellulose decomposition, most bands tend to broaden and decrease in 
intensity. In the Raman spectra, a band at 1612 cm
-1
 appears at 250
o
C, which can be 
assigned to the C=C vibration of an aromatic hydrocarbon.
241
 This band eventually shifts 
to 1582 cm
-1
 with increasing temperature. In the IR spectra, only two bands at 3121 and 
1626 cm
-1
 can be related to intermediates or adsorbed species. The band at 3121 cm
-1
 is 
assigned to a =C-H stretch of a furan ring and appears from 400-500
o
C while the band at 
1626 cm
-1
 is assigned to a C=C vibration of an aromatic or olefin and appears from 300-
380
o
C.
128, 241
 The bands at 3554, 871, 809, and 750 cm
-1
 can be specifically assigned to 
aromatic coke C-H stretching and bending modes. 
128, 234
 After cellulose decomposition, 
bands at 1167, 1235, 1347, and 1582 cm
-1
 remain in the Raman spectra. These are the 
same aromatic coke bands observed during glucose pyrolysis and can be assigned as 
such. Remaining bands in the IR spectra are attributed to leftover char with the following  
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Figure 4.6. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Anhydrosugars, D) MS-
Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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functional groups: CH/CH2/CH3 (750, 809, 871, 1415, 2869, 2917, 2958, 3043), C-C 
(1041), C-O (1137, 1182, 1246), C=C (1588, 1626, 1699), C=O (1724), and OH (3554).  
Real-time mass spectrometry data is given in Figures 4.6C-G and is broken into 
several categories. Products formation for cellulose is markedly different than glucose 
and confined to a narrower temperature range. All products peak around 340-350
o
C with 
the exception of levoglucosan, which is produced continuously from 270-550
o
C. A small 
region of water, O2, and CO release occurs during dehydration at 100
o
C. The two major 
products of cellulose pyrolysis are CO2 and levoglucosan. The order of production of 
pyrolysis products decreased as follows: Others ~ Anhydrosugars > Furans > Oxygenates 
> Aromatics. 
 
2.3.2 HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy data of cellulose pyrolysis with 
HZSM-5 zeolite catalysts are given in Figure 4.7 (HZSM5-15) and Figures S4.15-S4.16 
(HZSM5-40 and -140). Bands from cellulose are initially present in both the IR and 
Raman spectra. The IR spectra also reveal varying intensities of zeolite vibrations (800, 
1205, 1630, 1882, 1987, and 3743 cm
-1
). No cellulose bands in particular can be observed 
to decrease before others in the IR or Raman spectra during pyrolysis. The operando 
Raman spectra (Figs. 4.7A, S4.15-S4.16A) reveal hydrocarbon bands at ~350
o
C, near the 
peak of pyrolysis product formation. Multiple bands at 1724, 1589, ~1540 shoulder, 
1358, 1216, and 1182 cm
-1
 are observed. These are the same bands related to coking that 
were observed on zeolites during glucose pyrolysis and can be assigned as such.  
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Figure 4.7. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose pyrolysis 
with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Anhydrosugars, 
D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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The in situ IR spectra (Figs. 4.7B, S4.15-S4.16B) during pyrolysis indicate that 
biomass changes begin between 260-300
o
C, in excellent agreement with mass 
spectrometry data. Bands at 3695 and 3660 cm
-1
, corresponding to Brönsted acid sites, 
are not observed to form as they did with catalytic glucose pyrolysis. Instead, the zeolite 
silanol groups (3743 cm
-1
) are completely consumed by 340
o
C. Several bands that appear 
at 3149, 3117, and 1724 cm
-1
 are related to adsorbed species or reaction intermediates. 
Bands at 3149 and 3115 cm
-1
, corresponding to the =C-H stretch in furan rings, form 
around 400
o
C, peak at 500
o
C, and then decrease until nearly absent.
128
 The band at 1724 
cm
-1
 can be assigned to the C=O vibration of various compounds and is observed 
between 300-440
o
C. At 380
o
C, a band at 3050 cm
-1
 from the C-H stretch of aromatics 
appears and increases with temperature, indicating it’s relation to the graphite-like 
aromatic coke. Remaining bands at high temperature are assigned to coke or char 
functional groups [OH (broad 3600-3300), CH, CH2, or CH3 (2956, 2927, 2872, 1432), 
C=O (1700), C-O (1134, 1060), and C=C (1588, 1560)] or zeolite framework vibrations 
(1614-1600, 1209-1194, and ~800 cm
-1
). 
Real-time mass spectrometry data is given in Figures 4.7C-G and S4.15-S4.16C-G 
and is broken into several categories. The order of production of major pyrolysis products 
decreased as follows: Others > Furans >Anhydrosugars > Oxygenates ≥ Aromatics. The 
vast majority of chemicals are produced between 300-400
o
C. Exceptions include 
levoglucosan, which is produced continuously from 300-550+
o
C, dehydration products, 
and aromatics, which exhibit high temperature production around 450-550
o
C. Pyrolysis 
products are produced in a much narrower temperature range than during catalytic 
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glucose pyrolysis. Differences in product formation between each catalyst will be 
discussed in a later section. 
 
2.3.3 Supported Al2O3/SiO2 Catalysts 
The in situ IR and operando Raman spectroscopy data of cellulose pyrolysis with 
supported 1-10% Al2O3/SiO2 catalysts are given in Figures 4.8 and S4.17-S4.19. Bands 
from cellulose are initially present in both the IR and Raman spectra. The IR spectra also 
reveal varying intensities of SiO2 support vibrations (836, 1625, and 3743 cm
-1
). No 
cellulose band in particular can be observed to decrease before the others in the Raman 
and IR spectra during initial cellulose decomposition.  
Hydrocarbon bands begin to appear in the operando Raman spectra (Figs. 4.8A, 
S4.17-S4.19A) as low as 75
o
C, most notable in Figure S4.19A. These premature bands at 
1340 and 1601 cm
-1
 can be assigned to aromatic hydrocarbons and suggest that there is 
some cellulose decomposition at low temperature, most likely originating from localized 
Raman laser induced heating. Indeed, a minor amount of product formation is seen 
around 100
o
C in most of the supported Al2O3/SiO2 catalysts which correlates with the 
premature aromatic Raman bands. The premature bands typically disappear by 200
o
C. 
Nearly the same Raman bands as zeolite catalysts appear at 1725, ~1580, 1557, 1510 
shoulder, and 1347 cm
-1
 are observed starting at 300
o
C. These are assigned to the same 
aromatic coke bands as discussed previously. This 1510 cm
-1 
band is slightly shifted 
compared to previous Raman spectra and can be assigned to the C=C vibration of a 
polyene (conjugated hydrocarbon) of chain length, [C=C]n, of n = ~12.
242, 243
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Figure 4.8. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose pyrolysis 
with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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The in situ IR spectra (Figs. 4.8B, S4.17-S4.19B) during pyrolysis indicate that 
biomass changes begin close to 300
o
C, further suggesting that the premature Raman 
bands are from laser induced heating. Bands appear at 3149 and 3117 cm
-1
 correspond to 
the =C-H stretch in furan rings and are barely visible in the 400-520
o
C temperature range. 
The band at 1722-1715 cm
-1
 can be assigned to C=O stretch of various compounds and 
the bands at 1614 cm
-1
 is typically assigned to the C=C vibration of alkenes or aromatic 
compounds. At ~400
o
C, a band at ~3050 cm
-1
, from the C-H stretch of aromatics, appears 
and increases with temperature, indicating it’s relation to the graphite-like aromatic coke. 
During pyrolysis, the silanol band (3743 cm
-1
) reduces in intensity but is never 
completely consumed. Remaining bands at high temperature are assigned to coke or char 
functional groups [OH (3675, 3554), CH, CH2, or CH3 (2958, 2927, 2872, 1429), C=O 
(1707-1698), C-O (1279, 1255, 1168, 1060), and C=C (1590-1588)]. Bands at 818 and 
1060 cm
-1
 could be from the SiO2 support. 
Real-time mass spectrometry data is given in Figures 4.8C-G and S4.17-4.19C-G 
and is broken into several categories. The order of production of major pyrolysis products 
decreased as follows: Others > Furans > Anhydrosugars > Oxygenates > Aromatics. 
Almost all products are produced in the narrow temperature range of 300-400
o
C, with the 
exception of aromatics which exhibit minor high temperature production at 450+
o
C. 
Minor product formation around 100
o
C was previously attributed to Raman laser induced 
heating and decomposition of cellulose. Differences in product formation between each 
catalyst will be discussed in the next section. 
 
2.3.4 Comparison of Product Formation Between Catalysts 
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Figure 4.9. Mass spectrometry data of Levoglucosan (m/z 60) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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(BTX, naphthalene, and 2-hydroxybenzaldehyde) while supported Al2O3/SiO2 catalysts 
produce more furan-based compounds (furfural, 5H-furan-2-one, 5-methylfurfural) and 
levoglucosenone. Non-catalytic cellulose pyrolysis produced more levoglucosan than 
catalytic pyrolysis. Typically, the 5% Al2O3/SiO2 catalyst is the most efficient per surface 
area, while on a per acid site basis the 5 and 3% Al2O3/SiO2 catalysts are roughly 
equivalent in efficiency. Mass spectra cracking patterns from levoglucosenone interfere 
with the furfural signal for the zeolites and non-catalytic cellulose experiments, however, 
the supported Al2O3/SiO2 catalyst furfural signal is only 40% from levoglucosenone 
cracking and has been corrected in all spectra. 
The production trends of several key products from catalytic pyrolysis with 
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Figure 4.10. Area integrated mass spectra of select products formed during Operando Raman 
spectroscopy cellulose pyrolysis with supported Al2O3/SiO2 catalysts. 
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supported Al2O3/SiO2 catalysts are given in Figure 4.10. All products, except 
naphthalene, appear to follow the same trend which is increasing with alumina loading 
until 5% Al2O3/SiO2 before decreasing at 10% Al2O3/SiO2. Naphthalene increases with 
increasing alumina loading. These trends will be related to specific acid sites in a later 
section. 
 
3. Discussion 
3.1 Catalytic Active Sites 
It is difficult to directly observe catalytic active sites during pyrolysis because 
surface AlOx sites are not detectable with Raman or IR spectroscopy. The surface 
Brönsted acid sites of silica-alumina materials have been determined to be surface 
hydroxyl sites that are IR active.
152, 165
 Upon examining the surface hydroxyl region of 
the zeolites during glucose pyrolysis (Figs. 4.3 and S4.2-S4.3) it is found that hydroxyls 
related to Brönsted acidity (3660, 3695 cm
-1
) are completely consumed during reaction, 
but silanols (3743 cm
-1
) typically are not. Only in the zeolite with the highest amount of 
alumina (HZSM5-15) are all the silanol groups consumed during pyrolysis. This suggests 
that not only are the typical bridging Si-(OH)
+
-Al hydroxyls acidic, but silanol groups are 
acidic in the presence of enough neighboring aluminum atoms. In fact, this was the 
conclusion of a recent study on amorphous silica-aluminas.
152
 For the supported 
Al2O3/SiO2 catalysts this trend also holds for cellulose and glucose pyrolysis, with the 
exception of the 10% Al2O3/SiO2 catalyst which appears to have more remaining silanol 
groups than the 5% Al2O3/SiO2 catalyst, but still much less than 1% Al2O3/SiO2. This 
trend also holds for zeolites during cellulose pyrolysis, except for HZSM5-140 which 
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oddly displays full consumption of silanol groups. These collective IR data indicate that 
all surface hydroxyl types can be considered catalytic active sites for biomass pyrolysis 
depending on their local environment. 
 
3.2 Reaction Intermediates 
Given that CO2, the largest product detected for every pyrolysis reaction studied 
herein, is hardly observed in any collected IR spectra (only in Figs. 4.1, S4.1, 4.7, and 
S4.18; bands at 2365 and 2335 cm
-1
) the discussion of reaction intermediates will be 
based on the following assumption: fleeting bands not related to coke or char functional 
groups are only from adsorbed species or intermediates, not gas phase products.  
Bands at 3149 and 3115 cm
-1
, corresponding to the =C-H stretch in furan rings, are 
present starting around 200
o
C for glucose pyrolysis and 400
o
C for cellulose pyrolysis and 
present until 540-640
o
C depending on the catalyst. The bands during cellulose pyrolysis 
could be present at a much lower temperature but are obscured by the large hydroxyl IR 
absorption not present in spectra with glucose. During glucose pyrolysis on zeolites, the 
bands appear at 200
o
C and peak around 280
o
C, however, at this point the 3115 cm
-1
 band 
is larger than the 3149 cm
-1
 band. Compared to furan and furfural IR spectra, this 
proportion is incorrect and suggests that more than one species containing a furan ring is 
adsorbed on the surface between 200-300
o
C. Additionally, a dominant 3115 cm
-1
 band 
does not correspond to any of the three main furan-based products, furan, furfural, and 
5H-furan-2-one. For glucose pyrolysis, these bands appear before furan-containing 
products form (~250
o
C) suggesting that these are adsorbed intermediate species that 
produce furan-containing products. Bands at 3149 and 3115 cm
-1
 have been assigned to 
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polyfuran in the past and can be assigned as such here.
128
 The large overlapping 3115 cm
-
1
 band (200-300
o
C) cannot be definitively assigned. Supported Al2O3/SiO2 catalysts 
exhibit nearly the opposite behavior. At high temperatures, ~300-540
o
C, the 3115 cm
-1
 
band becomes more intense than the 3149 cm
-1
 band, though not as sharp as seen on 
zeolite catalysts. 
A complex absorption in the 1750-1700 cm
-1
 range appears on all catalysts during 
pyrolysis of both cellulose and glucose and can be assigned to C=O vibrations of various 
compounds. At least two distinct bands can be distinguished in this range, a band a 1724-
1715 cm
-1
 and another at 1705-1700 cm
-1
. During glucose pyrolysis these bands usually 
appear around 200
o
C and can last until 640
o
C, but during cellulose pyrolysis they appear 
at 300-640
o
C. The position of the 1724-1715 cm
-1
 band suggests that it is from a 
ketone.
244
 Since acetone is the greatest observed ketone product, this band is likely from 
adsorbed acetone or it’s intermediate. The band at 1705-1700 cm-1 was previously 
assigned in an earlier section to a char C=O functional group because it is prevalent until 
640
o
C. 
All catalysts during cellulose and glucose pyrolysis exhibit a band at 1626-1614 cm
-
1 
(300-440
o
C). This band is typical of C=C stretching vibrations of conjugated alkenes or 
aromatics. Specifically, the range of 1626-1614 cm
-1
 resembles conjugation of an alkene 
double bond with an aromatic ring.
244
 This has several implications: 1) a Diels-Alder 
cycloaddition reaction has produced this adsorbed species (for example, 1,3-butadiene + 
1,3-butadiene → vinylcyclohexene → styrene) on the catalyst surface, 2) this adsorbed 
species is produced and will undergo Diels-Alder cycloaddition, or 3) this is an 
intermediate that leads to growth and polymerization of aromatic rings. Unfortunately, 
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these scenarios cannot be distinguished. A band at ~1663 cm
-1
 occurs between 180-260
o
C 
only on supported Al2O3/SiO2 catalysts during glucose pyrolysis and is typical of 
unconjugated, substituted, linear alkenes.
244
 This linear alkene could be the intermediate 
to one or many different glucose pyrolysis products that form at this temperature. 
The 1540-1510 cm
-1 
shoulder/band observed in the Raman spectra of nearly all 
catalysts (~225-400
o
C) was assigned to the C=C vibration of a polyene (conjugated 
alkene).
243
 The band position at 1540-1510 cm
-1
 corresponds to a polyene chain length, 
[C=C]n, of n = 9-12.
242
 The appearance of this band always coincides with the appearance 
of the ~1585 cm
-1
 graphite-like coke band, suggesting that it is an intermediate for coke 
formation. 
A band at ~1240 cm
-1
 is typically assigned to the C-O stretch of carboxylic acids 
and is only observed on HZSM5-15 during glucose pyrolysis in the range of 200-340
o
C. 
This indicates that carboxylic acids intermediates immediately form upon sugar 
decomposition. 
 
3.3 Reaction Mechanisms 
In all catalysts, the onset of methylated products 2-methylfuran, 5-methylfurfural, 
x-methylnaphthalene, and x,y-dimethylnaphthalene is delayed at least a few degrees after 
the formation of parent products furan, furfural, and naphthalene, indicating that 
methylation (alkylation) is a secondary reaction for these products. In contrast, toluene, 
xylene, and benzene either appear at the same temperature or benzene is delayed some 
degrees, suggesting that these methylated aromatics are formed as is or toluene/xylene is 
demethylated into benzene. 
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Dehydration reactions are most evident during glucose pyrolysis (Figs. 4.1-4.3, 
S4.1-S4.5) that exhibits a low temperature release of water at 170-210
o
C. For pure 
glucose pyrolysis (Fig. 4.1), the water onset at 180
o
C (and peak at 210
o
C) correlates well 
with the production of levoglucosan, indicating that glucose favors thermal dehydration 
into this product. The presence of a catalyst accelerates this dehydration as evidenced by 
the shift of the water formation peak to a lower temperature, 170
o
C (onset ~145
o
C). 
Decarboxylation reactions are also apparent due to a release of CO2 in the same low 
temperature region. The CO2 peak temperature shifts with the water formation peak in the 
presence of a catalyst suggesting that these two mechanisms are occurring 
simultaneously. Though the CO mass spec signal is mostly due to CO2 cracking, it cannot 
account for the total intensity of the CO signal and there exist regions where the signal 
from CO overtakes CO2 (supported Al2O3/SiO2 catalysts). The detection of CO suggests 
that decarbonylation is occurring. 
The polymerization of aromatics is experimentally observed in the Raman 
spectroscopy and mass spectrometry data. Polymerization reactions lead to high 
molecular weight polycyclic aromatics (phenanthrene, anthracene, fluorene, pyrene, etc.) 
and to catalyst deactivating coke. It is strange that for both cellulose and glucose, though 
more prevalent in glucose, large polycyclic aromatics are produced as gaseous products 
at high temperatures when the catalyst is adequately coked, according to Raman 
spectroscopy. This suggests one of two possibilities for high temperature polycyclic 
aromatic formation, 1) graphite-like coke is an intermediate or 2) graphite-like/aromatic 
coke can be cracked into polycyclic aromatics. 
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The stark differences in glucose and cellulose pyrolysis, especially the desired 
active sites discussed later, indicate the large effect the β(1-4) glycosidic linkage has on 
the reaction chemistry. The cellulose reaction pathway favors the formation of 
levoglucosan, producing nearly 25% more per weight. Glucose pyrolysis produces ~25% 
more naphthalene than cellulose, indicating that glucose reaction chemistry favors a route 
to polymerization.  
 
3.4 Catalyst Deactivation 
Raman spectroscopy clearly reveals that a main deactivation pathway is 
polymerization of aromatic molecules into graphite-like polymeric aromatics that build 
up on the catalyst surface. This family of aromatics either deactivates the catalyst via 
coking or releases as high molecular weight polycyclic aromatics with many fused 
benzene rings (phenanthrene, anthracene, fluorene, pyrene, etc.). All catalysts exhibit this 
same behavior indicating the generality of aromatic polymerization as a deactivation 
pathway. 
 
3.5 Structure-Activity Relationships 
Structure-activity relationships of products formed and catalytic active sites can be 
determined by examining the relationship between the normalized reaction data with 
known catalyst structures (supported Al2O3/SiO2 catalysts). Many of the products studied 
cannot be formed in a single step and, thus, may require multiple steps and/or catalytic 
active sites. The structure-activity relationships established here simply indicate that a 
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specific catalytic active site is required to complete a reaction pathway from 
glucose/cellulose to a given reaction product. 
Correlations from cellulose pyrolysis (Fig. 4.10) are straight-forward because all 
products follow the same trend. This trend, which peaks at 5% Al2O3/SiO2 before 
decreasing, is the same trend for strong Brönsted acid sites that are from either AlO4 or 
AlO5 sites. The trend for naphthalene correlates with the trend for medium strength Lewis 
acid sites from AlO6 sites (hydrated) that change coordination upon dehydration, 
presumably to AlO4. 
Glucose pyrolysis clearly involves different mechanisms and active sites than 
cellulose pyrolysis, as evidenced by chemical production at lower temperatures, over a 
wider temperature range, and different trends in Fig. 4.5. Trends for benzene, 
toluene/xylene, naphthalene, 5-methylfurfural, and 2-hydroxybenzaldehyde do not clearly 
correlate with any specific catalytic active site, but the molecules that peak at 3% 
Al2O3/SiO2 resemble strong Brönsted or Lewis acid site trends. This suggests that these 
products depend on multiple catalytic active sites and reaction pathways. Levoglucoseone 
and 5H-furan-2-one correlate well with weak Brönsted acid sites from silanol groups. 
Furfural seems to correlate with the medium strength Brönsted acid sites, though the 
trend is exaggerated at 10% Al2O3/SiO2.  
The trends established here indicate that different acid site strengths are utilized for 
cellulose or glucose pyrolysis. In general, glucose pyrolysis trends indicate that weaker 
acid site strength is needed, which is likely due to the β(1→4) glycosidic polymer linkage 
in cellulose. Furthermore, the fact that nearly all cellulose pyrolysis products follow the 
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same trend suggests a common step in their production, which is likely the β(1→4) 
glycosidic bond breaking. 
 
4. Conclusions 
 
Studies that correlate the various solid acid catalytic active sites with product 
formation are considerably lacking in the biomass conversion literature. This chapter 
attempted to correlate surface Lewis and Brönsted acid sites of varying surface alumina 
coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals produced by 
catalytic cellulose and glucose pyrolysis by employing H-ZSM-5 and supported 
Al2O3/SiO2 catalysts with more well-defined surface alumina sites and operando 
molecular spectroscopy during pyrolysis. 
Results of operando spectroscopy experiments during glucose pyrolysis revealed 
that there are several surface reaction intermediates on the catalyst, including two 
different intermediates containing furan rings, conjugated alkenes, and alkenes 
conjugated to aromatic rings. Glucose pyrolysis was demonstrated to involve different 
mechanisms and catalytic active sites than cellulose pyrolysis. The production of 
levoglucoseone and 5H-furan-2-one correlated well with weak Brönsted acid sites from 
silanol groups. Furfural seemed to correlate with the medium strength Brönsted acid sites. 
Many products did not correlate with a specific active site indicating their dependence on 
multiple active sites and reaction pathways. 
Operando molecular spectroscopy experiments during cellulose pyrolysis revealed 
the same reaction intermediates as glucose pyrolysis but different catalytic active sites. 
All products, except naphthalene, correlated with the amount of strong Brönsted acid 
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sites from surface AlO4 or AlO5 sites. Naphthalene production correlated with medium 
strength Lewis acid sites from surface AlO6 sites (hydrated) that change coordination 
upon dehydration, presumably to surface AlO4. The similarity of all product trends 
indicates a common reaction step which is likely the breaking of the β(1→4) glycosidic 
bond in cellulose. 
 These new insights into catalytic biomass pyrolysis emphasize that production of 
desired chemicals is not only a function of biomass feedstock, but a balance of surface 
Lewis and Brönsted catalytic active sites in the catalyst. 
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Figure S4.1. Operando Raman spectroscopy and in situ IR spectroscopy during glucose pyrolysis 
with a HZSM5-40 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Anhydrosugars, 
D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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Figure S4.2. Operando Raman spectroscopy and in situ IR spectroscopy during glucose pyrolysis 
with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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Figure S4.3. Operando Raman spectroscopy and in situ IR spectroscopy during glucose pyrolysis 
with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others.  
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Figure S4.4. Operando Raman spectroscopy and in situ IR spectroscopy during glucose pyrolysis 
with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others.  
5H-furan-2-one (84)
2-methyl-5-hydroxybenzofuran (147)
2-methylbenzofuran (131)
2,5-furandicarboxaldehyde (124)
5-methylfurfural (110)
2-methylfuran (82)
Furfural (96)
Furans
In
te
n
s
it
y
 (
c
o
u
n
ts
)
85740 Counts
50 100 150 200 250 300 350 400 450 500 550 600
 
Temperature (
o
C)
Hold
5 min
600 950 1300 1650 2000
350
o
C
9
1
3
300
o
C
200
o
C
Glucose
75
o
C
1
3
4
6
1
5
8
2
125
o
C
 
In
te
n
s
it
y
 (
a
.u
.)
Raman Shift (cm
-1
)
100 a.u.
5AlSi
 
100
o
C
500
o
C
400
o
C
50
o
C
375
o
C
325
o
C
 475oC
450
o
C
425
o
C
550
o
C
525
o
C
1
3
4
7
8
4
2
250
o
C
275
o
C
225
o
C
1
1
1
5
1
0
7
0
1
1
7
5
1
2
3
1
 
In
te
n
s
it
y
 (
c
o
u
n
ts
)
85740 Counts
50 100 150 200 250 300 350 400 450 500 550 600
O
2 
(32)
Methanol, Hydroxyacetic acid (29)
CO
2 
(44)
 
Temperature (
o
C)
Formic Acid, Acetic Acid,
CO (28)
H
2
O (18)
Acetone (58)
Hold
5 min
3800 3300 2800 2300 1800 1300 800
1
1
9
11
5
8
3
1
6
0
6
2
9
4
8
1
6
6
3
1
7
1
9 1
0
2
2 8
2
9
3
5
5
4
Glucose
1
6
2
6
2
9
2
3
1
2
9
2
600
o
C
 
In
te
n
s
it
y
 (
a
.u
.)
Wavenumber (cm
-1
)
0.25 a.u.
100
o
C
500
o
C
5AlSi
640
o
C
400
o
C
300
o
C
200
o
C
60
o
C
1
7
0
5
3
7
4
3 2
9
1
5
2
8
9
3
3
0
5
0
2
9
5
8
3
6
7
5
2
8
6
7
1
6
3
0
3
1
4
4
3
1
1
5
D-glucofuranose (85)
d-glucopyranose (69)
Anhydrosugars
In
te
n
s
it
y
 (
c
o
u
n
ts
)
71450 Counts
1,4:3,6-Dianhydro--
1,6-anhydro--
Levoglucosenone (98)
Levoglucosan (60)
50 100 150 200 250 300 350 400 450 500 550 600
 
Temperature (
o
C)
Hold
5 min
Aromatics
 
In
te
n
s
it
y
 (
c
o
u
n
ts
)
4100 Counts
50 100 150 200 250 300 350 400 450 500 550 600
x-methylnaphthalene (142)
 
Temperature (
o
C)
Hold
5 min
Phenanthrene/Anthracene (178)
Indene (115)
Benzene (78)
Naphthalene (128)
Toluene/Xylene (91)
2-naphthalenol (144)
 2-hydroxybenzaldehyde (122)
Oxygenates
In
te
n
s
it
y
 (
c
o
u
n
ts
)
16080 Counts
Hydrocoumarin (148)
Diethyl Phthalate (150)
Cyclotene (112)
Maltol (126)
Isophorone (138)
50 100 150 200 250 300 350 400 450 500 550 600
 
Temperature (
o
C)
Hold
5 min
A B
C D
E F
G
 156 
Figure S4.5. Operando Raman spectroscopy and in situ IR spectroscopy during glucose pyrolysis 
with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others.  
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Figure S4.6. Mass spectrometry data of Levoglucosenone (m/z 98) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.7. Mass spectrometry data of Benzene (m/z 78) from Operando Raman spectroscopy 
glucose pyrolysis experiments. A) raw signal (which is normalized by weight inherently), B) 
normalized by catalyst surface area, C) normalized by total number of acid sites from NH3 
adsorption. 
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Figure S4.8. Mass spectrometry data of Toluene/Xylene (m/z 91) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.9. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.10. Mass spectrometry data of Furfural (m/z 96) from Operando Raman spectroscopy 
glucose pyrolysis experiments. A) raw signal (which is normalized by weight inherently), B) 
normalized by catalyst surface area, C) normalized by total number of acid sites from NH3 
adsorption.  
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Figure S4.11. Mass spectrometry data of 5H-furan-2-one (m/z 84) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption.
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Figure S4.12. Mass spectrometry data of 2,5-furandicarboxaldehyde (m/z 124) from Operando 
Raman spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total number of acid 
sites from NH3 adsorption. 
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Figure S4.13. Mass spectrometry data of 2-hydroxybenzaldehyde (m/z 122) from Operando 
Raman spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total number of acid 
sites from NH3 adsorption. 
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Figure S4.14. Mass spectrometry data of 5-methylfurfural (m/z 110) from Operando Raman 
spectroscopy glucose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.15. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis with a HZSM5-40 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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Figure S4.16. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others.  
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Figure S4.17. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others.  
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Figure S4.18. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis with a 5% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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Figure S4.19. Operando Raman spectroscopy and in situ IR spectroscopy during cellulose 
pyrolysis with a 10% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–
Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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Figure S4.20. Mass spectrometry data of Levoglucosenone (m/z 98) from Operando 
Raman spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized 
by weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S4.21. Mass spectrometry data of Furfural (m/z 96) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. NOTE: Signals have been corrected for 
levoglucosenone cracking. *Cellulose signal is roughly 80% cracking from 
levoglucosenone, but it is kept in this graph to illustrate the significant enhancement of 
furfural production from supported Al2O3/SiO2 catalysts.  
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Figure S4.22. Mass spectrometry data of 5H-furan-2-one (m/z 84) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.23. Mass spectrometry data of 5-methylfurfural (m/z 110) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.24. Mass spectrometry data of Furan (m/z 78) from Operando Raman spectroscopy 
cellulose pyrolysis experiments. A) raw signal (which is normalized by weight inherently), B) 
normalized by catalyst surface area, C) normalized by total number of acid sites from NH3 
adsorption.   
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Figure S4.25. Mass spectrometry data of Toluene/Xylene (m/z 91) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.26. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of acid sites 
from NH3 adsorption. 
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Figure S4.27. Mass spectrometry data of 2-hydroxybenzaldehyde (m/z 122) from Operando 
Raman spectroscopy cellulose pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total number of acid 
sites from NH3 adsorption.  
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Chapter 5 
Catalytic Pyrolysis of Xylan and Xylose 
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Abstract 
This chapter attempted to correlate Lewis and Brönsted acid sites of varying 
alumina coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals 
produced by catalytic xylan and xylose pyrolysis by employing H-ZSM-5 and supported 
Al2O3/SiO2 catalysts with more well-defined surface alumina sites and operando 
molecular spectroscopy during pyrolysis.  
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In situ and operando spectroscopy studies during xylose pyrolysis revealed that 
there are several reaction intermediates on the catalyst surface, including furans, 
conjugated alkenes, and small cyclic rings with carbonyl groups. Methylation (alkylation) 
and demethylation reaction pathways were observed for several products. The 
catalytically assisted dehydration of xylose into furfural was observed to be a key step in 
furfural production, which can occur as low as ~150
o
C in the presence of a catalyst. 
Several products were correlated with medium strength Brönsted acid sites, weak 
Brönsted acid sites, and strong AlO5 Lewis or Brönsted acid sites. 
In situ and operando spectroscopy studies during xylan pyrolysis revealed only a 
small ring cycloalkane surface reaction intermediate on the catalyst surface. Additionally, 
the same alkylation reaction pathway for catalytic xylose pyrolysis was also observed for 
catalytic xylan pyrolysis. The production of major product furfural correlated well with 
strong AlO5 Lewis acid sites, while other products correlated with medium strength 
Brönsted acid sites and medium strength AlO6 Lewis acid sites. In general, xylose 
pyrolysis trends indicate that weaker acid site strength is needed, which is likely due to 
the polymer linkages in xylan. Aromatic polymerization was experimentally observed to 
be the major catalyst deactivation pathway for all catalysts and both biomass types that 
led to graphite-like aromatic coke.  
 
1. Introduction 
1.1 Thermal Pyrolysis of Xylan and Xylose 
The thermal conversion of the hemicellulose fraction of biomass has received less 
focused attention than the cellulose fraction due to the many different types of 
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hemicellulose present in plants. Xylan (general formula (C5H10O4)n, but can include 
many ligands) is the most common hemicellulose and the most studied in the pyrolysis 
literature due to its commercial availability.
68, 123, 245-250
 Studies typically focused on 
product analysis via GC-MS, TGA-FTIR of the pyrolytic vapors, and kinetics via TGA. 
Several TGA studies have identified that xylan is less thermally stable than cellulose but 
also possesses a region of high temperature product evolution.
245, 246, 249
 
Xylan and xylose (C5H10O5) pyrolysis produce many of the same products as 
cellulose and glucose pyrolysis, such as furfural and anhydrosugars, but in opposite 
proportions (xylan produces more furfural). Xylans also tend to produce more acetyl-
based products (acetone, acetic acid, hydroxyacetic acid, etc.) which is attributed to 
xylose units that naturally contain acetyl groups in the xylan polymer.
248, 249
 The 
formation of furfural and anhydrosugars has been attributed to the dehydration of xylose 
units while other light gases, such as methanol, are attributed to the 4-O-methyglucuronic 
acid units in xylan, which are essentially xylose units substituted with a methyl and 
carboxylic acid group.
248, 251
 
 
1.2 Catalytic Pyrolysis of Xylan and Xylose 
The catalytic pyrolysis of the hemicellulose fraction has been studied much less 
than the pure thermochemical route.
95, 126, 252-255
 Catalytic pyrolysis studies of 
hemicellulose, especially xylan, have examined mostly silica-alumina catalysts such as 
Al-SBA-15, zeolites, and amorphous silica-aluminas. All studies concluded that the 
presence of a catalyst enhances the production of aromatics and furans and those that 
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examined catalyst type concluded that Y zeolite was the best catalyst. It was also 
suggested that the main effect of the catalysts is to enhance dehydration. 
 Attempts to determine precise catalytic active sites for hemicellulose pyrolysis are 
lacking in the catalytic pyrolysis literature, even though it has been shown that 
hemicelluloses have different pyrolysis behavior and product distributions than cellulose.  
This chapter will attempt to correlate distinct catalytic active sites with the production of 
desired chemicals from pyrolysis of xylan and xylose. 
 
2. Results 
2.1 Product Detection via GC-MS 
All identified xylose pyrolysis products are given in Table 5.1 and xylan pyrolysis 
products in Table 5.2 along with their assignment probability calculated by the NIST MS 
Search 2.0 or Varian MS Data Review program. The cracking pattern of many products 
was confirmed by standards as indicated by “confirmed” in the assignment probability 
column. A total of 57 products were indentified between all xylose and xylan pyrolysis 
experiments, 20 major products were detected during non-catalytic biomass pyrolysis and 
an additional 37 from catalytic pyrolysis. As discussed in the experimental section 
(Chapter 2), this GC-MS analysis only samples a very small amount of the reaction gases 
so certain products may not be detected across all catalysts, even though they may be 
observed in the real-time MS data across all catalysts.  
Based on the summary of platform chemicals from biomass conversion (Chapter 1, 
§1.4), the following products will be considered for further analysis via operando  
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Table 5.1. Products of catalytic xylose pyrolysis identified by GC-MS analysis. Green 
highlights indicate products formed from non-catalytic pyrolysis. A “vol” retention time 
indicates that the product did not adsorb on the GC column. A “lit” assignment 
probability indicates an assignment made based on literature observed products and our 
experimental cracking patterns, but it could not be determined directly with analysis 
software due to various reasons (low signal, multiple products eluted at once, etc.) 
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
    
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi  Xylose 
vol 68 Furan confirmed X X     X 
vol 82 2-methylfuran lit 
 
X 
   
vol 96 Furfural confirmed X X X X X 
vol 78 Benzene confirmed X 
    
vol 106 (m-, o-, p-) Xylene confirmed X 
    
vol 114 
Unidentified 2 (m/z 
114, 58, 29, 57, 30) 
- X X X X X 
7.7 118 Benzofuran 78 
 
X 
   
15.5 116 Indene 54 
 
X 
   
18.7 116 
Benzene, 1-ethynyl-4-
methyl 
75 X 
 
X X 
 
25.9 132 Benzofuran, 2-methyl 67 
 
X 
   
41.2 128 Naphthalene confirmed X X X X 
 
55.7 142 1-methylnaphthalene 70 X X X X X 
67.7 154 Biphenyl 70 X X 
   
68.3 132 1H-indenol 64 
 
X 
   
69.1 156 Naphthalene, 1-ethyl 64 X 
    
70.6 156 2,6-dimethylnaphthalene 29 X X 
 
 
 
73.7 154 Naphthalene, 2-ethenyl 74 X X 
   
81.0 162 
Unidentified 1 (m/z 
162, 108, 52, 80, 121, 
51) 
-   X X X X 
81.7 168 1,1'-Biphenyl, 4-methyl 35 X 
    
83.2 168 Dibenzofuran 92 X X X 
  
86.0 144 2-Naphthalenol 50 X X 
   
90.7 166 Fluorene 81 X X X X 
 
93.3 176 
Unidentified 3 (m/z 
108, 176, 52, 80 ) 
-   X X X X 
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96.7 182 Dibenzofuran, 4-methyl 55 X X 
   
103.3 180 9H-Fluorene, 2-methyl- 39 X X 
   
110.9 178 Phenanthrene confirmed X X X X X 
112.2 178 Anthracene 33 X X 
 
X 
 
124.0 192 Anthracene, 2-methyl 37 X 
 
X X 
 
130.0 204 2-phenylnaphthalene 40 X X 
   
134.8 206 
Phenanthrene, 1,7-
dimethyl 
26 X 
    
140.9 202 Pyrene confirmed X X X X X 
151.4 216 7H-benzo[c]fluorene 55 X X X X 
 
179.2 390 
1,2-
Benzenedicarboxylic 
acid, mono(2-
ethylhexyl) ester 
64         X 
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Table 5.2. Products of catalytic xylan pyrolysis identified by GC-MS analysis. Green highlights 
indicate products formed from non-catalytic pyrolysis. A “vol” retention time indicates that the 
product did not adsorb on the GC column. A “lit” assignment probability indicates an assignment 
made based on literature observed products and our experimental cracking patterns. 
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
    
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi  Xylan 
vol 58 Acetone confirmed     X   X 
vol 68 Furan confirmed X X X X X 
vol 92 Toluene confirmed X X X 
  
vol 82 2-methylfuran lit     X   X 
vol 76 Acetic Acid 67 X X   X X 
vol 96 Furfural confirmed X X X X X 
vol 78 Benzene confirmed X X 
   
vol 106 (m-, o-, p-) Xylene confirmed X 
    
vol 114 
Unidentified 2 (m/z 114, 
58, 29, 57, 30)  
  X   X X 
7.7 118 Benzofuran 78 X X X 
  
13.0 118 Indane 18 X 
    
15.5 116 Indene 54 X X X 
  
18.7 116 
Benzene, 1-ethynyl-4-
methyl 
75 X 
    
25.9 132 Benzofuran, 2-methyl 67 X X X 
  
28.2 108 Phenol, 3-methyl 56         X 
28.6 126 Levoglucosenone 97       X X 
35.7 130 2-methylindene 19 
 
X X 
  
41.2 128 Naphthalene confirmed X X X X 
 
46.2 146 Benzofuran, 4,7-dimethyl 70 X 
 
X 
  
51.6 144 
1,4:3,6-Dianhydro-alpha-
d-glucopyranose 
95 X X X 
  
51.7 144 
Naphthalene, 1,2-dihydro-
4-methyl 
31 X 
    
54.3 132 
1H-inden-1-one, 2,3-
dihydro 
85 
  
X X 
 
55.7 142 1-methylnaphthalene 70 X X X X X 
67.7 154 Biphenyl 70 X 
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68.9 146 4H-1-Benzopyran-4-one 71 
  
X X 
 
69.1 156 Naphthalene, 1-ethyl 64 X 
    
70.6 156 2,6-dimethylnaphthalene 29 X X X   X 
72.1 146 7-methylindan-1-one 60         X 
73.7 154 Naphthalene, 2-ethenyl 74 X X 
   
74.3 146 2H-1-Benzopyran-2-one 85 
  
X 
  
75.1 152 Biphenylene 75 
  
X X 
 
81.0 162 
Unidentified 1 (m/z 162, 
108, 52, 80, 121, 51) 
- 
 
X X X 
 
81.7 168 1,1'-Biphenyl, 4-methyl 35 X 
    
82.4 170 
Naphthalene, 2-(1-
methylethyl) 
64 X 
    
83.2 168 Dibenzofuran 92 X X X   X 
86.0 144 2-Naphthalenol 50 X X 
 
X 
 
87.0 168 1,1'-Biphenyl, 3-methyl 51 X 
    
87.5 170 
Naphthalene, 2,3,6-
trimethyl 
39 X 
    
90.7 166 Fluorene 81 X X X X X 
96.7 182 Dibenzofuran, 4-methyl 55 X X 
 
X 
 
101.8 182 
[1,1'-Biphenyl]-4-
carboxaldehyde 
59 X X 
   
103.3 180 9H-Fluorene, 2-methyl- 39 X X X X X 
109.3 196 
Naphtho[2,1-b]furan, 1,2-
dimethyl 
53 X 
    
110.9 178 Phenanthrene confirmed X X X X X 
112.2 178 Anthracene 33 X X X X 
 
122.1 278 
1,2-Benzenedicarboxylic 
acid, bis(2-methylpropyl) 
ester 
18 
 
X X X 
 
124.0 192 Anthracene, 2-methyl 37 X X X X 
 
130.0 204 2-phenylnaphthalene 40 X X X X 
 
134.8 206 
Phenanthrene, 1,7-
dimethyl 
26 X 
    
140.9 202 Pyrene confirmed X X X X X 
145.2 218 
Benzo[b]naphtho[2,3-
d]furan 
63 X 
    
151.4 216 7H-benzo[c]fluorene 55 X 
 
X 
  
179.2 390 
1,2-Benzenedicarboxylic 
acid, mono(2-ethylhexyl) 
ester 
64 X X X X X 
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experiments: furan, toluene, 2-methylfuran, furfural, benzene, xylene, levoglucosenone, 
naphthalene, and levoglucosan. Expanding on these platform chemicals, several 
molecules closely related or produced in large quantities will also be considered:  
Anhydrosugars) 1,4:3,6-dianhydro-α-d-glucopyranose and 1,6-anhydro-β-D-
glucofuranose, Aromatics) phenanthrene/anthracene, 1-methylnaphthalene,  2,6-
dimethylphenol/3-methylphenol, and indene, Furans) 5H-furan-2-one, 5-methyfurfural, 
2-methylbenzofuran, benzofuran, and 2-methylfuran, Oxygenates) maltol, 
hydrocoumarin, cyclotene, isophorone, and diethyl phthalate, Others) H2O, CO, O2, CO2, 
Acetone, Formic Acid, Acetic Acid, Methanol, and Hydroxyacetic acid.  
 
2.2 In Situ and Operando Spectroscopy during Xylose Pyrolysis 
2.2.1 Non-catalytic D-Xylose Pyrolysis 
The in situ IR and operando Raman spectroscopy findings for non-catalytic xylose 
pyrolysis are given in Figure 5.1. Many vibrational bands from xylose are initially 
present in both the IR and Raman spectra at 40-50
o
C. Only band assignments relevant to 
biomass conversion will be discussed. No band in particular can be observed to decrease 
before the others in the Raman spectra (Fig. 5.1A) or IR spectra (Fig. 5.1B). During 
thermal decomposition, large bands from gaseous CO2 are seen in the IR spectra around 
2300-2400 cm
-1
. Raman and IR spectra indicate that xylose decomposes between 150-
175
o
C, which corresponds well with the initial CO2 production (Fig. 5.1G). 
After decomposition, weak bands at 1050, 1092, 1131, 1443, 1603, 1720, 2866, 
2925, 2967, and 3418 cm
-1
 remain in the IR spectra and a weak band at 1592 cm
-1
 
remains in the Raman spectra. The Raman band at 1592 cm
-1
 can be assigned to the G  
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Figure 5.1. Operando Raman spectroscopy and in situ IR spectroscopy during xylose pyrolysis 
without catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Anhydrosugars, D) MS-
Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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band of graphite-like polymeric aromatic hydrocarbons. Remaining bands in the IR 
spectra are attributed to char with the following functional groups: C-H (878 cm
-1
), 
CH/CH2/CH3 (2967, 2925, 2866, and 1443 cm
-1
), C-C (1050 and 1092 cm
-1
), C-O (1131 
cm
-1
), C=C (1603 cm
-1
), O-H (3418 cm
-1
), and C=O (1720 cm
-1
). The low intensity of all 
the bands indicates that xylose is almost completely converted into non-coke/char 
products, which is also corroborated by the amount of recovered pyrolysis residue which 
was zero during some runs. 
Time-resolved mass spectrometry data are presented in Figures 5.1C-G and broken 
into several categories. Products begin to form at a low temperature, ~170
o
C, which is 
slightly above the melting point of xylose (145
o
C). The three major detected products of 
xylose pyrolysis are CO2, furfural, and acetone. There are three main peaks of product 
formation, ~220, 300, and 370
o
C. The relative amount of production decreased as 
follows: Others > Furans > Anhydrosugars > Aromatics ~ Oxygenates. 
 
2.2.2 Xylose Pyrolysis by HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy results for xylose pyrolysis with 
HZSM-5 zeolite catalysts are given in Figure 5.2 (HZSM5-140) and Figures S5.1-S5.2 
(HZSM5-15 and -40). The vibrational bands from xylose (2977, 2947, 2918, 2889, 2851, 
1399, 1376, and 1361 cm
-1
) and HZSM-5 (3743, 1984, 1872, 1616, 1350, 1206, 1074, 
and 808 cm
-1
) are initially observed in the Raman and IR spectra and are mostly left 
unlabeled. No xylose band in particular can be observed to decrease before the others in 
the Raman or IR spectra during pyrolysis.  
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Figure 5.2. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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The operando Raman spectra during xylose pyrolysis (Figs. 5.1A, S5.1A, and 
S5.2A) exhibit hydrocarbon bands as low as ~175
o
C. Multiple Raman bands at 1730, 
~1590, 1528 shoulder, ~1355, 1228 and 1190-1140 cm
-1
 are observed during chemical 
production and can be assigned to a C=O/C=C vibrations, the G band of graphite-like 
polymeric aromatic hydrocarbons, the C=C vibration of a polyene (conjugated 
hydrocarbon, [C=C]n chain length of n = ~9), the D band of graphite-like polymeric 
aromatic hydrocarbons, and aromatic polymers (1228-1140 cm
-1
), respectively.
164, 228, 239-
243
 All bands except 1730 and 1528 cm
-1
 are related to coke on the catalyst surface. The 
1528 cm
-1
 polyene band is observed clearly between 175-300
o
C, and can exist as a small 
shoulder until 500
o
C, which suggests it is a reaction intermediate. 
The in situ IR spectra (Figs. 5.2B, S5.1B, and S5.2B) during xylose pyrolysis 
exhibit several bands at 1567, 1695, 1733, ~1761-1777, 3056, 3118, and 3149 cm
-1
 which 
can be assigned to a C=C stretch of an unknown compound, a C=C or C=O stretch of an 
unknown compound, a C=O stretch of an unknown compound, the C=O stretch of a 
small cyclic ring (e.g., 2-indanone or cyclopentanone), the C-H stretch of aromatic coke, 
and the =C-H stretches of furan rings, respectively. These bands appear in the 
temperature ranges of 160-220
o
C (1567 cm
-1
), 160-300
o
C (1695 cm
-1
), 180-540
o
C (1733 
cm
-1
), 180-400
o
C (1761-1777 cm
-1
), and 140-640
o
C (3118 and 3149 cm
-1
). The bands for 
small cyclic rings with carbonyl groups is less pronounced at lower Si/Al zeolites. For all 
zeolites, pyrolysis consumes nearly all hydroxyls except for a small broad band that 
typically remains at 640
o
C and is assigned to char –OH groups. The remaining labeled 
and unlabeled bands are from char functional groups or the HZSM-5 support. 
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Time-resolved mass spectrometry results are shown in Figures 5.2C-F, S5.1C-G, 
and S5.2C-F and broken into several categories. The order of production of major xylose 
pyrolysis products decreased as follows: Furans ≥ Others > Aromatics > Anhydrosugars. 
The oxygenates are only shown for xylose pyrolysis with HZSM5-15 because their 
production is very low. Catalytic xylose pyrolysis starts producing chemicals at much 
lower temperatures than pure xylose, ~100-120
o
C. With the exception of indene, 
aromatics are mostly produced above 350
o
C while furans and anhydrosugars are 
produced below 300
o
C. 
 
2.2.3 Xylose Pyrolysis by Supported Al2O3/SiO2 Catalysts 
The in situ IR and operando Raman spectroscopy data of xylose pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figures 5.3 and S5.3-S5.5. Vibrational bands 
from xylose (Raman: 1397, 1371, 1350, 1314, 1151, 1108, 1084, 927, and 899 cm
-1
; IR: 
3439, 3372, 3304, 2977, 2947, 2918, 2889, 2851, 2255, 2205, 2155, 2120, 2078, 1966, 
1943, 1907, 1480, 1468, 1399, 1376, 1345, 1065, 1024, 944, 909, and 699 cm
-1
) and the 
SiO2 support (3743, 1863, 1628, 1354, and 835 cm
-1
) are initially observed in the Raman 
and IR spectra and are mostly left unlabeled. No xylose band in particular can be 
observed to preferentially decrease in the Raman or IR spectra during xylose pyrolysis.  
The operando Raman spectra (Figs. 5.3A, S5.3A-S5.5A) exhibit hydrocarbon bands 
as low as ~175
o
C. Multiple bands at ~1730 (unlabeled), ~1586, 1517 (shoulder), ~1350, 
1234 and ~1171 cm
-1
 are observed during chemical production and can be assigned to a 
C=O/C=C vibrations, G band of graphite-like polymeric aromatic hydrocarbons, C=C 
vibration of a polyene (conjugated hydrocarbon, [C=C]n chain length of n = ~11), D band  
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Figure 5.3. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a 10% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, 
C) MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-
Others. 
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of graphite-like polymeric aromatic hydrocarbons, and aromatic polymers (1228-1140 
cm
-1
), respectively.
164, 228, 239-243
 All the Raman bands, except 1730 and 1517 cm
-1
 are 
related to coke deposited on the catalyst surface. The 1517 cm
-1
 band arises from a 
polyene and is observed clearly between 175-300
o
C on the 10% Al2O3/SiO2 catalyst 
which suggests it is a reaction intermediate. 
The in situ IR spectra (Figs. 5.3B, S5.3B-S5.5B) during xylose pyrolysis by 
supported Al2O3/SiO2 catalysts exhibit several similar bands to those observed with the 
HZSM-5 catalysts and can be assigned to C=C stretch of an unknown compound (1565 
cm
-1
), C=C or C=O stretch of an unknown compound (1661 and 1690 cm
-1
), C=O stretch 
of an unknown compound (1725 cm
-1
), C=O stretch of a small cyclic ring (1766 cm
-1
, 
e.g., 2-indanone or cyclopentanone), C-H stretch of aromatic coke (3050 cm
-1
), and =C-H 
stretches of furan rings (3115 and 3144 cm
-1
). These IR bands appear in the temperature 
ranges of 180-300
o
C (1565 cm
-1
), 180-300
o
C (1661 cm
-1
), 180-300
o
C (1690 cm
-1
), 180-
560
o
C (1725 cm
-1
), 180-500
o
C (1766 cm
-1
), and 140-580
o
C (3115 and 3144 cm
-1
). For all 
supported catalysts, pyrolysis of xylose did not consume all the surface hydroxyl, in 
contrast to zeolite catalysts. The remaining labeled and unlabeled bands are from char 
functional groups or the SiO2 support. 
Time-resolved mass spectrometry results are presented in Figures 5.3C-G and S5.3-
S5.5C-F, and broken into several categories. The order of production of major xylose 
pyrolysis products decreased as follows: Furans ≥ Others > Anhydrosugars > Aromatics. 
The oxygenates are only shown for 10% Al2O3/SiO2 because their production is very low 
and undesirable. Catalytic xylose pyrolysis starts producing chemicals at much lower 
temperatures than non-catalytic xylose pyrolysis, ~120-140
o
C. With the exception of  
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Figure 5.4. Mass spectrometry data of Furfural (m/z 96) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized 
inherently by weight), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
 
indene, aromatics are mostly produced above 350
o
C while furans and anhydrosugars are 
produced below 300
o
C. 
 
2.2.4 Comparison of Product Formation from HZSM-5 and Al2O3/SiO2 Catalysts 
In general, based on normalized operando mass spectrometry data in Figures 5.4 
and S5.6-S5.15, the HZSM-5 zeolite catalysts produce more aromatics, levoglucosan, and 
furan (by weight) than Al2O3/SiO2 catalysts. The supported Al2O3/SiO2 catalysts produce  
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Figure 5.5. Integrated mass spectral areas of select products from Operando Raman 
spectroscopy during xylose pyrolysis with supported Al2O3/SiO2 catalysts.  Indene-LT 
was integrated from 50-335
o
C and Indene-HT was from 335-550
o
C since two distinct 
regions of product exist. 
 
more furfural (except for HZSM5-140), 2-methylfuran, levoglucosenone, and furan (by 
surface area). The production of x-methylphenol/x-dimethylphenol is roughly the same 
for all catalysts. The supported 1% Al2O3/SiO2 catalyst is the most efficient of the 
supported catalysts per total acid sites for all products. Notably, the desirable platform 
chemical furfural (Fig. 5.4) is the major product of xylose pyrolysis with HZSM5-140 
producing the most, closely followed by 10% Al2O3/SiO2. Levoglucosan (Fig. S5.14), a 
major product of cellulose/glucose pyrolysis, is now a very minor product with non-
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catalytic xylose pyrolysis producing significantly more than any catalyst. Production of 
aromatics primarily occurs above 350
o
C while other products are produced below 350
o
C 
indicating that aromatics are secondary products.  
The production trends of several key reaction products from catalytic xylose 
pyrolysis with supported Al2O3/SiO2 catalysts are given in Figure 5.5. Benzene, x-
methylphenol/x-dimethylphenol, naphthalene, toluene/xylene, and 2-methylfuran 
decrease with increasing alumina loading. Both furfural and indene-LT (low temperature 
production: 50-335
o
C) initially decrease and then increase with alumina while indene-HT 
(high temperature production: 335-550
o
C) initially increases and then decreases. 
 
2.3 In Situ and Operando Spectroscopy during Xylan Pyrolysis 
2.3.1 Non-Catalytic Xylan Pyrolysis 
The in situ IR and operando Raman spectroscopy data for non-catalytic xylan 
pyrolysis are given in Figure 5.6. Many vibrational bands from xylan are initially present 
in the IR spectra, but the corresponding Raman spectra exhibit extreme sample 
fluorescence below 400
o
C preventing detection of the xylan bands. No preferential band 
can be observed to decrease before the others in either type of spectra. During xylan 
decomposition, small bands from gaseous CO2 are seen in the IR spectra around 2300-
2400 cm
-1
. The Raman and IR spectra indicate that xylan decomposes between 260-
400
o
C. 
After decomposition, vibrational bands related to coke remain in the IR  (3029 cm
-
1
), and Raman spectra (1227, 1347 and 1600 cm
-1
). These bands are assigned to the C-H 
stretch of aromatic coke, C=C stretch of aromatic polymers (phenanthrene/anthracenes),  
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Figure 5.6. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Anhydrosugars, D) MS-
Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-Others. 
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D band of graphite-like polymeric aromatic hydrocarbons, and G band of graphite-like 
polymeric aromatic hydrocarbons, respectively.
128, 164, 228, 239-243
 The remaining bands in 
the IR spectra are attributed to char with the following functional groups: C-H (872 cm
-1
), 
CH/CH2/CH3 (2956, 2924, 2866, and 1432 cm
-1
), C-C (1049 cm
-1
), C=C (1578 cm
-1
), O-
H (3590 cm
-1
), and C=O (1746 cm
-1
).  
Time-resolved mass spectrometry data are presented in Figures 5.6C-G and broken 
into several categories. Xylan pyrolysis products start to form at higher temperatures, 
~220-250
o
C, compared to xylose (~170
o
C). The two major products of xylan pyrolysis 
are CO2 and furfural. There are two main temperature ranges of product formation, ~250-
300
o
C (most products) and 400-550
o
C (aromatics). The order of production decreased as 
follows: Others ~ Furans >> Anhydrosugars ~ Oxygenates > Aromatics. 
 
2.3.2 Xylan Pyrolysis by HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy data of xylan pyrolysis with 
HZSM-5 zeolite catalysts are given in Figure 5.7 (HZSM5-40) and Figures S5.16-S5.17 
(HZSM5-15 and -140). The vibrational bands from xylose (2976, 2918, 2874, 1721, 
1616, 1462, 1417, 1385, 1350, 1321, and 898 cm
-1
) and HZSM-5 (3743, 1984, 1872, 
1616, 1350, 1206, 1074, and 808 cm
-1
) are initially observed in the IR spectra and are 
mostly left unlabeled. No preferential xylose band  decreases before the others. No xylose 
band in particular can be observed to decrease before the others.  
The operando Raman spectra (Figs. 5.7A, S5.16A, and S5.17A) exhibit 
hydrocarbon bands at 1590, 1361 and 1227 cm
-1
 that are assigned to the coke bands  
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Figure 5.7. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a HZSM5-40 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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mentioned in previous sections.
164, 228, 239-243
 The polyene band  at 1528 cm
-1
 is not 
observed in these spectra, probably due to the extreme fluorescence from the sample at 
low temperatures. The in situ IR spectra (Figs. 5.7B, S5.16B, and S5.17B) during xylan 
pyrolysis exhibit bands related to leftover char functional groups, the zeolite framework, 
or coke (3029 cm
-1
). Only one fleeting band is present as a shoulder at 1757 cm
-1
 between 
~300-520
o
C and can be assigned to the C=O stretch of a small cyclic ring (e.g., 2-
indanone or cyclopentanone). In contrast to xylose pyrolysis, many hydroxyls remain 
after xylan pyrolysis as reflected by the bands at 3743, 3656, and 3590 cm
-1
. 
Time-resolved mass spectrometry data are given in Figures 5.7C-F, S5.16C-G, and 
S5.17C-F and broken into several categories. The order of production of major pyrolysis 
products decreased as follows: Others > Furans > Aromatics > Anhydrosugars > 
Oxygenates. Oxygenates are only shown for HZSM5-15 because their production is very 
low. Catalytic xylan pyrolysis starts producing chemicals at about the same temperature 
(~220
o
C) as non-catalytic xylan pyrolysis. Significantly more aromatics are produced 
with HZSM-5 and furan is favored over furfural production compared to non-catalytic 
xylan pyrolysis. 
 
2.3.3 Xylan Pyrolysis by Supported Al2O3/SiO2 Catalysts 
The in situ IR and operando Raman spectroscopy data for xylan pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figures 5.8 and S5.18-S5.20. Bands from 
xylan and the SiO2 support are initially observed in the IR spectra and are mostly left 
unlabeled. No preferential xylan band decreases during pyrolysis. 
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Figure 5.8. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a 10% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, 
C) MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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The operando Raman spectra (Figs. 5.8A, S5.18A-S5.20A) exhibit the same 
hydrocarbon bands as the zeolites mentioned in previous sections. The in situ IR spectra 
(Figs. 5.8B, S5.18B, and S5.20B) during xylan pyrolysis exhibit bands related to leftover 
char functional groups, SiO2 support vibrations, or coke (3032 cm
-1
). Only one fleeting 
band is present as a shoulder at 1791 cm
-1
 between ~300-520
o
C and can be assigned to 
the C=O stretch of a small cyclic ring (e.g., cyclobutanone). In contrast to xylose 
pyrolysis with supported Al2O3/SiO2 catalysts, more hydroxyls remain after reaction for 
xylan pyrolysis.  
Time-resolved mass spectrometry data are shown in Figures 5.8C-F and S5.18-
S5.20C-F, and broken into several categories. The order of production of the major xylan 
pyrolysis products decreased as follows: Others ≥ Furans >> Aromatics > 
Anhydrosugars. Xylan pyrolysis with supported Al2O3/SiO2 catalysts starts producing 
chemicals at about the same temperature as non-catalytic xylan pyrolysis. The supported 
Al2O3/SiO2 catalysts produce more furan and slightly more aromatics, comparable 
amounts of furfural, and less anhydrosugars compared to non-catalytic xylan pyrolysis. 
 
2.3.4 Comparison of Product Formation from HZSM-5 and Al2O3/SiO2 Catalysts 
In general, based on normalized operando mass spectrometry data in Figures 5.9 
and S5.21-S5.29, the HZSM-5 zeolite catalysts produce more of every product on a per 
weight and surface area basis except for furfural and levoglucosan. Supported Al2O3/SiO2 
catalysts produce the same amount of furfural as non-catalytic xylan pyrolysis, which 
also produces the most levoglucosan. The 1% Al2O3/SiO2 catalyst is the most efficient of 
the supported catalysts per total acid sites for all products. Compared to catalytic xylose  
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Figure 5.9. Mass spectrometry data of Furan (m/z 68) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized inherently 
by weight), B) normalized by catalyst surface area, C) normalized by total number of acid 
sites from NH3 adsorption. 
 
pyrolysis, catalytic xylan pyrolysis produces more furan and aromatics, but less furfural 
and anhydrosugars. Production of aromatics primarily occurs above 300
o
C while other 
products are produced at or below 300
o
C indicating that aromatics are secondary 
products.  
The production trends of several key products from catalytic pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figure 5.10. Furan and BTX initially 
decrease and then increase with alumina loading while naphthalene increases with  
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Figure 5.10. Integrated mass spectral areas of select products from Operando Raman 
spectroscopy during xylan pyrolysis with supported Al2O3/SiO2 catalysts. 
 
increasing alumina loading. Furfural and indene alternate between increasing and 
decreasing trends with alumina loading.  
 
3. Discussion 
3.1 Catalytic Active Sites 
It is difficult to directly observe the catalytic active surface AlOx sites in HZSM-5 
and supported Al2O3/SiO2 catalysts because they do not give rise to detectable Raman 
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and IR bands. The surface hydroxyls coordinated to the active sites, however, are 
detectable with IR spectroscopy.
152, 165
 The nearly complete consumption of zeolite 
hydroxyls during xylose pyrolysis with HZSM-5 catalysts indicates that not only are the 
typical bridging Si-(OH)
+
-Al hydroxyls active sites, but silanol groups can also serve as 
weak acid sites, which was the conclusion of a recent study on amorphous silica-
aluminas.
152
 reaction. This trend does not hold for the supported Al2O3/SiO2 catalysts 
during xylose pyrolysis, nor does it hold for all catalysts during xylan pyrolysis. These 
collective IR data indicate that all surface hydroxyl types, bridging to isolated silanols, 
can be considered catalytic active sites for biomass pyrolysis depending on their local 
environment. 
 
3.2 Observable Reaction Intermediates 
Given that CO2, the largest product detected for every pyrolysis reaction studied 
herein, is hardly observed in any collected IR spectra (only in Figs. 5.1 and 5.6) the 
discussion of reaction intermediates will be based on the following assumption: fleeting 
bands not related to coke or char functional groups are only from adsorbed species or 
reaction intermediates, not gas phase products.  
During catalytic xylose pyrolysis, many surface reaction intermediates are observed 
in the in situ IR spectra. Polyfuran is observed between 140-600
o
C (3150 and 3115 cm
-1
) 
while an additional unknown alkene is observed between 300-600
o
C (increased 3115 cm
-
1
).
128
 A small cyclic ring with a carbonyl group (e.g., 2-indanone or cyclopentanone) is 
observed between 180-400
o
C (1761-1777 cm
-1
). Two unknown surface reaction 
intermediates with carbonyl groups are observed between 180-560
o
C (1733-1715 cm
-1
) 
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and 160-300
o
C (1705-1690 cm
-1
). A surface reaction intermediate with similar thermal 
stability (180-300
o
C) is observed on supported Al2O3/SiO2 catalysts at 1661 cm
-1
 and is 
from an unconjugated, substituted, linear alkene. 
Only one surface reaction intermediate is observed during catalytic xylan pyrolysis. 
Small cyclic rings with carbonyl groups are similarly observed on zeolite catalysts 
between 300-520
o
C. The small cyclic ring vibrations are shifted to ~1790 cm
-1
 on 
supported Al2O3/SiO2 catalysts, indicating a different cyclic ring is formed than on 
zeolite surfaces. 
The Raman band at 1540-1510 cm
-1
, corresponding to a polyene of chain length of 
n= 9-11, appears on all catalysts with all biomass types as early as 175
o
C and always with 
a corresponding ~1600 cm
-1
 graphite-like band. The simultaneous appearance of these 
bands suggests that large polyene chains are precursors to coke formation. An IR band at 
1567 cm
-1
 appears on all catalysts around 160
o
C and may also be related to polyene 
intermediates. 
 
3.3 Reaction Mechanisms 
During catalytic xylose pyrolysis, all catalysts exhibit a low temperature spike of 
furfural production at ~150
o
C and also exhibit a similar spike of water at the same 
temperature. This indicates that dehydration is a key step in transforming xylose into 
furfural at low temperatures. Additionally, CO2 and anhydrosugars also have a spike in 
production at the same temperature, though the intensities do not correlate with the 
furfural spike. This suggests that anhydrosugars are formed and further converted into 
furfural via dehydration and decarbonyl/decarboxylation. This is not observed in xylan 
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pyrolysis, indicating that the low temperature reaction may proceed by reacting with 
hydroxyl groups that are normally inaccessible due to the polymer linkages in xylan.  
With all catalysts and biomass types, the onset of methylated products x-
methylnaphthalene and x,y-dimethylnaphthalene is delayed at least a few degrees after 
the formation of parent product naphthalene, indicating that methylation (alkylation) is a 
secondary reaction for these products. In contrast, toluene and xylene form before 
benzene, suggesting that these methylated aromatics are formed as is and demethylated to 
benzene. This is similar to the concept of dealkylating a polymethylbenzene intermediate 
for methanol-to-olefin conversion.
256
 
The polymerization of aromatics is experimentally observed in the Raman 
spectroscopy and mass spectrometry data for all biomass types and catalysts. 
Polymerization reactions lead to high molecular weight polycyclic aromatics 
(phenanthrene, anthracene, fluorene, pyrene, etc.) and to catalyst deactivating coke. Large 
polycyclic aromatics are produced at high temperatures when the catalyst is adequately 
coked, according to Raman spectroscopy. This suggests one of two possibilities for high 
temperature polycyclic aromatic formation, 1) graphite-like coke is an intermediate or 2) 
graphite-like/aromatic coke can be cracked into polycyclic aromatics. 
 
3.4 Catalyst Deactivation 
Raman spectroscopy clearly reveals that a main deactivation pathway is 
condensation of aromatic molecules into graphite-like polymeric aromatics that build up 
on the catalyst surface. This family of aromatics either deactivates the catalyst via coking 
or releases as high molecular weight polycyclic aromatics with many fused benzene rings 
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(phenanthrene, anthracene, fluorene, pyrene, etc.). All catalysts exhibit this same 
behavior indicating the generality of aromatic condensation as a deactivation pathway. 
 
3.5 Structure-Activity Relationships 
Structure-activity relationships of products formed and catalytic active sites can be 
determined by examining the relationship between the normalized reaction data with 
known catalyst structures (supported Al2O3/SiO2 catalysts). Many of the products studied 
cannot be formed in a single step and, thus, may require multiple steps and/or catalytic 
active sites. The structure-activity relationships established here simply indicate that a 
specific catalytic active site is required to complete a reaction pathway from xylose/xylan 
to a given reaction product. 
Correlations are developed by comparison of product trends (Figs 5.5 and 5.10), 
surface acid site trends (Chapter 3, Fig. 3.6), and AlOx structural trends (Chapter 3, Fig. 
3.4). For xylose pyrolysis, furfural and indene-LT (50-335
o
C) correlate with medium 
strength BAS (Brönsted acid sites), 2-methylfuran, x-methylphenol/x-dimethylphenol, 
BTX, and naphthalene correlate fairly well with the decreasing trend of weak BAS, and 
indene-HT (335-550
o
C) resembles the strong AlO5 LAS (Lewis acid sites) or BAS trend. 
For xylan pyrolysis, major product furfural correlates well with strong AlO5 LAS or 
BAS, furan and BTX with medium strength BAS, and naphthalene with medium strength 
AlO6 LAS. Indene peaks at 5% Al2O3/SiO2, which suggests a correlation with the second 
strongest BAS, but the trend is not completely clear. It is interesting to note that several 
products, such a furfural, correlate with BAS for both types of biomass, but the trend 
indicates different acid site strengths are needed. In general, xylose pyrolysis trends 
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indicate that weaker acid site strength is needed, which is likely due to the polymer 
linkages in xylan. 
 
4. Conclusions 
 
In situ and operando spectroscopy studies during xylose pyrolysis revealed that 
there are several reaction intermediates on the catalyst surface, including furans, 
conjugated alkenes, and small cyclic rings with carbonyl groups. Methylation (alkylation) 
of large aromatics (naphthalene and larger) was observed to be the reaction pathway to 
methylnaphthalenes while the opposite, demethylation of small aromatics, was 
determined to be the pathway to benzene from toluene/xylene. The catalytically assisted 
dehydration of xylose into furfural was observed to be a key step in furfural production, 
which can occur as low as ~150
o
C in the presence of a catalyst. The production of 
furfural and indene-LT (50-335
o
C) correlated with medium strength Brönsted acid sites, 
2-methylfuran, x-methylphenol/x-dimethylphenol, BTX, and naphthalene correlated 
fairly well with the decreasing trend of weak Brönsted acid sites, and indene-HT (335-
550
o
C) resembles the strong AlO5 Lewis or Brönsted acid site trend. 
In situ and operando spectroscopy studies during xylan pyrolysis revealed the same 
reaction intermediates as xylose on the catalyst surface. Additionally, the same alkylation 
reaction pathway for catalytic xylose pyrolysis was also observed for catalytic xylan 
pyrolysis. The production of major product furfural correlated well with strong AlO5 
Lewis or Brönsted acid sites, furan and BTX with medium strength Brönsted acid sites, 
and naphthalene with medium strength AlO6 Lewis acid sites. Indene peaks at 5% 
Al2O3/SiO2, which suggests a correlation with the second strongest Brönsted acid site, but 
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the trend is not completely clear. In general, xylose pyrolysis trends indicate that weaker 
acid site strength is needed, which is likely due to the polymer linkages in xylan. 
Aromatic polymerization was experimentally observed to be the major catalyst 
deactivation pathway for all catalysts and both biomass types that led to graphite-like 
aromatic coke. These new insights into catalytic biomass pyrolysis emphasize that 
production of desired chemicals is not only a function of the simplicity of the biomass 
feedstock, but a balance of Lewis and Brönsted catalytic active sites in the catalyst. 
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Figure S5.1. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-
Others. 
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Figure S5.2. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a HZSM5-40 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.3. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.4. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.5. Operando Raman spectroscopy and in situ IR spectroscopy during xylose 
pyrolysis with a 5% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.6. Mass spectrometry data of Toluene/Xylene (m/z 91) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.7. Mass spectrometry data of Benzene (m/z 78) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.8. Mass spectrometry data of x-methylphenol/x-dimethylphenol (m/z 107) 
from Operando Raman spectroscopy xylose pyrolysis experiments. A) raw signal (which 
is normalized by weight inherently), B) normalized by catalyst surface area, C) 
normalized by total number of acid sites from NH3 adsorption.
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Figure S5.9. Mass spectrometry data of Indene (m/z 115) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.10. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.11. Mass spectrometry data of Phenanthrene/Anthracene (m/z 178) from 
Operando Raman spectroscopy xylose pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption.
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Figure S5.12. Mass spectrometry data of Furan (m/z 68) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.13. Mass spectrometry data of 2-methylfuran (m/z 82) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.14. Mass spectrometry data of Levoglucosan (m/z 60) from Operando Raman 
spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.15. Mass spectrometry data of Levoglucosenone (m/z 98) from Operando 
Raman spectroscopy xylose pyrolysis experiments. A) raw signal (which is normalized 
by weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption.
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Figure S5.16. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Oxygenates, G) MS-
Others. 
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Figure S5.17. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) Others. 
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Figure S5.18. Operando Raman spectroscopy and in situ IR spectroscopy during glucose 
pyrolysis with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.19. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.20. Operando Raman spectroscopy and in situ IR spectroscopy during xylan 
pyrolysis with a 5% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Anhydrosugars, D) MS-Aromatics, E) MS-Furans, F) MS-Others. 
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Figure S5.21. Mass spectrometry data of Toluene/Xylene (m/z 91) from Operando 
Raman spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S5.22. Mass spectrometry data of Benzene (m/z 78) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.23. Mass spectrometry data of x-methylphenol/x-dimethylphenol (m/z 107) 
from Operando Raman spectroscopy xylan pyrolysis experiments. A) raw signal (which 
is normalized by weight inherently), B) normalized by catalyst surface area, C) 
normalized by total number of acid sites from NH3 adsorption.
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Figure S5.24. Mass spectrometry data of Indene (m/z 115) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.25. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
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Figure S5.26. Mass spectrometry data of Phenanthrene/Anthracene (m/z 178) from 
Operando Raman spectroscopy xylan pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption.
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Figure S5.27. Mass spectrometry data of Furfural (m/z 96) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S5.28. Mass spectrometry data of Levoglucosan (m/z 60) from Operando Raman 
spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption.
50 100 150 200 250 300 350 400 450 500 550
HZSM5-140
Temperature (
o
C)
HZSM5-40
Xylan
HZSM5-15
Levoglucosan
In
te
n
s
it
y
 (
c
o
u
n
ts
)
14290 Counts 2144 Counts/m
2
HZSM5-140
HZSM5-40 HZSM5-15
Levoglucosan
50 100 150 200 250 300 350 400 450 500 550
Temperature (
o
C)
In
te
n
s
it
y
 (
c
o
u
n
ts
)
50 100 150 200 250 300 350 400 450 500 550
Levoglucosan
 
Temperature (
o
C)
64 Counts/Total Acid Sites
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 
(c
o
u
n
ts
/t
o
ta
l 
a
c
id
 s
it
e
s
)
1AlSi
A B
C
 241 
Figure S5.29. Mass spectrometry data of Levoglucosenone (m/z 98) from Operando 
Raman spectroscopy xylan pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Chapter 6 
Catalytic Pyrolysis of Lignin 
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Abstract 
This chapter attempted to correlate Lewis and Brönsted acid sites of varying 
alumina coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals 
produced by catalytic lignin pyrolysis by employing H-ZSM-5 and supported Al2O3/SiO2 
catalysts with more well-defined surface alumina sites and operando molecular 
spectroscopy during pyrolysis. Aromatic polymerization was experimentally observed to 
be the major catalyst deactivation pathway that led to graphite-like aromatic coke. The 
major pyrolysis products of non-catalytic and catalytic lignin pyrolysis were determined 
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to be the result of depolymerization, cracking, and cleavage of the amorphous lignin 
structure.  Supported Al2O3/SiO2 catalysts favored the cleavage of lignin methoxy groups 
and the C-C bonds of alkene ligands to enhance the production of phenol and 2-
methoxyphenol. Zeolite catalysts appear to further react the depolymerized lignin species 
to benzene, toluene, and xylene, probably due to confinement within their mircropores. 
All key products correlated with strong BAS that are related to AlO4 and AlO5 surface 
sites on supported Al2O3/SiO2 catalysts. These new insights into catalytic biomass 
pyrolysis emphasize that production of desired chemicals from lignin can be achieved 
through tuning the amount and strength of Bronsted acid sites to cleave phenolic ligands. 
 
1. Introduction 
1.1 Thermal Pyrolysis of Lignin 
The thermal pyrolysis of lignin has been widely studied over several decades and 
has resulted in many recent review articles.
247, 257-262
 The main products from lignin 
pyrolysis include carbon dioxide, carbon monoxide, low molecular weight volatiles such 
as methanol, acetone, and acetaldehyde, phenols, and substituted phenols. Lignin 
pyrolysis also produces the most char compared to other fractions of biomass.
68, 101, 124, 231, 
250, 263-267
 It is widely accepted that simple depolymerization and cracking of the 
amorphous lignin structure is the main mechanism of product formation. 
247, 257-262, 268
 
Several factors affect the product distribution from lignin pyrolysis including 
reaction conditions, lignin source, and lignin isolation method, in the case of pure lignin. 
35, 96, 100, 101, 247, 257-262
 Softwood lignin contains ~90% guaiacyl units [4-(3-hydroxy-1-
propenyl)-2-methoxyphenol] and produce guaicol (2-methoxyphenol) as a primary 
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product while hardwood lignin contains roughly equal amounts of guaiacyl and syringyl 
[4-(3-hydroxyprop-1-enyl)-2,6-dimethoxyphenol] units and also produce syringol (2,6-
dimethoxyphenol) as a primary product.
259
 At low temperatures, the propyl chain of the 
lignin monomers becomes reactive, specifically in the α-O-4 and β-O-4 positions, which  
depolymerizes lignin and releases phenolics similar to the monomers themselves (e.g., 4-
ethenyl-2-methoxyphenol). At higher temperatures, the substituents of the monomers 
become reactive, especially methoxy groups, and lead to the formation of new –OH, –
CH3, or –H groups in their place.
262
 Routes to selective lignin bond breaking are desirable 
to maximize the production of specific phenolics or aromatics from lignin. 
 
1.2 Catalytic Pyrolysis of Lignin 
There has been a renewed interest in catalytic lignin pyrolysis, especially in the last 
few years, but nearly all studies focus on controlling pyrolysis product selectivity via 
catalyst screening.
88, 90, 94, 95, 127, 269-282
 Many different classes of catalysts have been 
experimented with including bulk oxides (Co3O4, NiO, MoO3, Fe2O3, CuO, ZrO2, TiO2, 
etc.), zeolites (H-ZSM-5, USY, H-Beta, silicalite, and mordenite), modified zeolites (K, 
Co, Na, Mo, Ni, Fe, Mn, Cu, Sr, Zn, and Li additives) silica-aluminas (Al-SBA-15, Al-
MCM-48, and amorphous silica-alumina), and supported metal catalysts (Pd/CeTiO2, 
Pt/SBA-15, Co/Mo/Al2O3, etc.). Notable findings include that H-ZSM-5 typically 
produces the most aromatics (benzene, toluene, and xylene) while H-Beta and USY are 
better at producing a deoxygenated bio-oil. Additionally, the liquid yield and product 
selectivity can be somewhat controlled by tuning the acidity and pore size of zeolites, i.e. 
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low Si/Al ratios yield the most aromatics and large pores yield the most liquid product.
94, 
272, 276, 277
 
Studies that attempt to establish a relationship between the molecular structure of 
the catalytic active site, acidity, and reaction products are significantly lacking in the 
lignin pyrolysis literature. This chapter takes a complementary approach to the current 
literature and seeks to determine how well-defined surface AlOx acid sites in supported 
Al2O3/SiO2 catalysts produce specific lignin pyrolysis products. 
 
2. Results 
2.1 Product Detection via GC-MS 
All indentified lignin pyrolysis products are given in Table 6.1 along with their 
assignment probability calculated by the NIST MS Search 2.0 or Varian MS Data Review 
program. The cracking pattern of many products was confirmed by standards as indicated 
by “confirmed” in the assignment probability column. A total of 60 products were 
indentified, 33 major products were detected during pure biomass pyrolysis and an 
additional 27 from catalytic pyrolysis. As discussed in the experimental section, this 
analysis only samples a very small amount of the reaction gases so certain products may 
not be detected across all catalysts, even though it is produced by all catalysts.  
Based on the summary of platform chemicals from biomass conversion (Chapter 1, 
§1.4), the following products will be considered for further analysis via operando 
experiments: benzene, xylene, phenol, 2-methoxyphenol (guaiacol), 2,6-
dimethoxyphenol (syringol), 2-methoxy-4-methylphenol (creosol), and 2-methoxy-4-
vinylphenol (4-vinylguaiacol). Expanding on these platform chemicals, several molecules 
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closely related or produced in large quantities will also be considered:  Aromatics) 
naphthalene, phenanthrene/anthracene, 1-methylnaphthalene, furan, 2-methyl-1-
naphthalenol, 2,6-dimethylnaphthalene/1-ethylnaphthalene, and 1,2,4-
trimethoxybenzene,  Phenols) 1,2-benzenediol (catechol), 3-methoxy-1,2-benzenediol, 
and 3’,5’-dimethoxyacetophenone, Others) H2O, CO, O2, and CO2. Additionally, the m/z 
ion 108 will be monitored which is shared by several desirable products, the x-
methyl/dimethyl/ethylphenols. 
Table 6.1. Products of catalytic lignin pyrolysis identified by GC-MS analysis. Green 
highlights indicate products formed from non-catalytic pyrolysis. A “vol” retention time 
indicates that the product did not adsorb on the GC column. A “lit” assignment 
probability indicates an assignment made based on literature observed products and our 
experimental cracking patterns, but it could not be determined directly with analysis 
software due to various reasons (low signal, multiple products eluted at once, etc.)  
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
  
  
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi  Lignin 
vol 68 Furan confirmed 
 
x 
 
x 
 
vol 92 Toluene confirmed x x x x  
vol 96 furfural confirmed 
   
x  
vol 78 Benzene confirmed x  
x 
  
vol 106 Xylene confirmed x x    
7.8 94 Phenol 80 x x x x x 
15.5 116 Indene 46 x     
18.7 116 Benzene, 1-ethynyl-4-methyl 75 x 
    
23.2 124 Phenol, 2 -methoxy 76 x x x x x 
26.9 108 Phenol, 4-methyl 62 x x x   x 
28.2 108 Phenol, 3-methyl 40     x   x 
36.3 134 Benzene, 1-ethenyl-4-methoxy 58 
   
x 
 
37.8 122 Phenol, 2,5-dimethyl confirmed x x x x 
 
38.5 122 Phenol, 2,4-dimethyl confirmed x x x x x 
38.9 122 Phenol, 3,4-dimethyl 36 
  
x x 
 
40.4 122 Phenol, 3-ethyl 45 
  
x x 
 
40.9 122 Phenol, 4-ethyl 70   x x x x 
41.2 128 Naphthalene confirmed x 
 
x 
  
43.2 138 Phenol, 2-methoxy-4-methyl 75 x x x   x 
47.5 110 1,2-Benzenediol 90 x x x   x 
 247 
48.8 120 Benzofuran, 2,3-dihydro 56   x x x x 
51.7 144 
Naphthalene, 1,2-dihydro-4-
methyl 
31 x x 
   
52.0 152 2,3-dimethoxytoluene 75     x x x 
52.7 140 1,2-Benzenediol, 3-methoxy 85 x x x x x 
54.9 152 Phenol, 4-ethyl-2-methoxy 84 x x x x x 
55.7 142 1-methylnaphthalene 70 x x x x 
 
55.8 124 1,2-Benzenediol, 3-methyl 56 x x x x x 
59.9 150 2-methoxy-4-vinylphenol 71 x x x x x 
61.9 166 
Benzene, 4-ethyl-1,2-
dimethoxy 
64   x   x x 
63.1 138 
3-methoxy-5-methylphenol 
(minor) 
86 x x x 
  
65.9 154 Phenol, 2,6-dimethoxy 91 x x x x x 
66.7 154 Phenol, 3,4-dimethoxy 53 x x x x x 
68.4 164 
Benzene, 4-ethenyl-1,2-
dimethoxy 
78 
   
x 
 
69.1 156 Naphthalene, 1-ethyl 64 x 
    
70.6 156 2,6-dimethylnaphthalene 29 x x x 
 
 
71.2 152 Vanillin 67   x   x x 
73.7 154 Naphthalene, 2-ethenyl 74 x 
    
75.9 162 Benzene, hexamethyl 61 
  
x 
  
77.3 164 
Phenol, 2-methoxy-4-(1-
propenyl) 
32         x 
78.0 168 1,2,4-Trimethoxybenzene 61 x x x x x 
82.3 166 
Ethanone, 1-(4-hydroxy-4-
methoxyphenyl) 
63   x x x x 
86.0 144 2-Naphthalenol 50 x 
 
x 
  
86.7 182 5-tert-butylpyrogallol 63 x x x x x 
87.0 180 
2-propanone, 1-(4-hydroxy-3-
methoxyphenyl) 
72 x       x 
90.7 166 Fluorene 81 x 
 
x 
  
91.7 180 3',5'-dimethoxyacetophenone 31 x x x x x 
95.2 194 
Phenol, 2,6-dimethoxy-4-(2-
propenyl) 
94 x x x x x 
97.4 158 1-naphthalenol, 2-methyl 45 x 
    
98.8 194 
1,2-dimethoxy-4-(2-
methoxyethenyl)benzene 
51 x   x x x 
100.2 174 2-Naphthalenol, 3-methoxy 72 
   
x 
 
101.5 182 
Benzaldehyde, 4-hydroxy-3,5-
dimethoxy 
83 x x x x x 
103.3 180 9H-Fluorene, 2-methyl- 39 x 
    
106.1 194 
Phenol, 2,6-dimethoxy-4-(2-
propenyl) 
94 x x x x x 
108.8 196 
Ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl) 
97 x x x x x 
 248 
109.5 178 Phenanthrene/Anthracene confirmed x x x x 
 
113.0 212 
Benzoic acid, 4-hydroxy-3,5-
dimethoxy 
99 x x x x x 
124.0 192 Anthracene, 2-methyl 37 x x x 
  
129.5 208 9,10-Anthracenedione 76         x 
140.9 202 Pyrene confirmed x x x x x 
151.4 216 7H-Benzo[c]fluorene 55 x 
 
x 
  
160.4 211 
3-(3-hydroxy-4-
methoxyphenyl)-l-alanine 
51         x 
 
2.2 In Situ and Operando Spectroscopy during Lignin Pyrolysis 
2.2.1 Pure Lignin 
The in situ IR and operando Raman spectroscopy data of pure lignin pyrolysis are 
given in Figure 6.1. Many bands from lignin are initially present in the IR spectra at 
60
o
C. Only band assignments relevant to biomass conversion will be discussed. No band 
in particular can be observed to decrease before the others in the IR spectra (Fig. 6.1B). 
The IR spectra indicate that lignin begins to decompose between 160-180
o
C, which 
corresponds well with observed products in the mass spec data. No new bands appear in 
the IR spectra that could correspond to a reaction intermediate, only a band at 3047 cm
-1
 
that corresponds to aromatic coke and intensifies above 300
o
C. 
The Raman spectra (Fig. 6.1A) already exhibit bands related to polymeric aromatic 
hydrocarbons at 50
o
C, which is likely due to localized laser induced heating and 
decomposition of the biomass. Multiple bands at 1589, 1522 shoulder, 1350, and 1230 
cm
-1
 are observed during chemical production and can be assigned to the G band of 
graphite-like polymeric aromatic hydrocarbons, the C=C vibration of a polyene 
(conjugated hydrocarbon, [C=C]n chain length of n = ~9), the D band of graphite-like 
polymeric aromatic hydrocarbons, and aromatic polymers, respectively.
164, 228, 239-243
 The  
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Figure 6.1. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis. A) Raman spectroscopy, B) IR spectroscopy, C) MS–Aromatics, D) MS-
Phenols, E) MS-Others. 
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polyene band at 1522 cm
-1
 appears most intense between 225-450
o
C, suggesting that is 
plays a role as an intermediate species during lignin decomposition. Remaining bands in 
the IR spectra are attributed to char with the following functional groups: CH/CH2/CH3 
(2929, 2856), C=C (1596), O-H (3548), and C=O (1710).  
Real-time mass spectrometry data is given in Figures 6.1C-E and is broken into 
three categories. Phenol products begin to form as low as ~160
o
C. The five major 
detected products of lignin pyrolysis are CO2, 1,2,4-trimethoxybenzene, 2-methoxy-4-
vinylphenol, 2-methoxyphenol, and 2-methoxy-4-methylphenol. There are two main 
peaks of product formation, ~270 and 380-400
o
C. Benzene is the first aromatic produced 
while 2-methoxy-4-vinylphenol is the first phenol produced in large quantities.  
 
2.2.2 HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy data of lignin pyrolysis with 
HZSM-5 zeolite catalysts are given in Figure 6.2 (HZSM5-40) and Figures S6.1-S6.2 
(HZSM5-15 and -140). Bands from lignin and HZSM-5 are initially observed in the IR 
spectra and are mostly left unlabeled. No lignin band in particular can be observed to 
decrease before the others in the Raman or IR spectra during pyrolysis. No new bands 
corresponding to reaction intermediates are observed in the IR spectra during pyrolysis, 
only a band at 3047 cm
-1
 that corresponds to aromatic coke and intensifies above 300
o
C. 
Zeolite hydroxyl bands are consumed at different temperatures during pyrolysis, 3743 
(silanol, ~400
o
C), 3694 (BAS, ~200
o
C), 3658 (extraframework Al-OH, ~340
o
C), 3594 
cm
-1
 (BAS, ~600
o
C). The HZSM5-15 catalyst exhibits complete consumption of silanol 
groups, while the other zeolites appear to have a small amount remaining after pyrolysis.  
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Figure 6.2. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a HZSM5-40 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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The remaining labeled and unlabeled bands in the IR spectra are from char functional 
groups or the HZSM-5 support. 
The operando Raman spectra (Figs. 6.1A, S6.1A, and S6.2A) exhibit Multiple 
bands at 1739, ~1589, 1525 shoulder, 1357, and 1227 cm
-1
 are observed during chemical 
production and can be assigned to a C=O/C=C vibration, the G band of graphite-like 
polymeric aromatic hydrocarbons, the C=C vibration of a polyene (conjugated 
hydrocarbon, [C=C]n chain length of n = ~9), the D band of graphite-like polymeric 
aromatic hydrocarbons, and aromatic polymers, respectively.
164, 228, 239-243
 The 1528 cm
-1
 
polyene band is most intense between 150-300
o
C while the 1730 cm
-1
 band only appears 
consistently in the HZSM5-40 sample suggesting that it is a spectral artifact as mentioned 
in previous chapters. 
Real-time mass spectrometry data is given in Figures 6.2C-E and S6.1-S6.2C-E and 
is broken into three categories. Catalytic lignin pyrolysis starts producing chemicals at 
higher temperatures than pure lignin by ~50-100
o
C. Several trends are apparent with 
increasing Al content (decreasing Si/Al), production of aromatics increases, production of 
phenols decreases, more aromatics are produced between 400-550+
o
C, less phenols are 
produced between 220-310
o
C, and the first aromatic produced switches from benzene to 
xylene. 
 
2.2.3 Supported Al2O3/SiO2 Catalysts 
The in situ IR and operando Raman spectroscopy data of lignin pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figures 6.3 and S6.3-S6.5. Bands from lignin 
and the SiO2 support are initially observed in the IR spectra and are mostly left unlabeled.  
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Figure 6.3. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a 5% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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No lignin band in particular can be observed to decrease before the others in the IR 
spectra and no new bands corresponding to reaction intermediates are observed in the IR 
spectra during pyrolysis, only a band at 3042 cm
-1
 that corresponds to aromatic coke and 
intensifies above 300
o
C. Support hydroxyls at 3743 (silanol) and 3679 (vicinal 
hydroxyls) cm
-1
 are partially consumed during reaction. The remaining labeled and 
unlabeled bands are from char functional groups or the SiO2 support. The operando 
Raman spectra (Figs. 6.3A, S6.3A-S6.5A) exhibit multiple bands at 1586, 1511 shoulder, 
1347, and 1231 cm
-1
 are observed during chemical production and can be assigned as 
described in the previous section on zeolites.  
Real-time mass spectrometry data is given in Figures 6.3C-E and S6.3-S6.5C-E, 
and is broken into three categories. Catalytic lignin pyrolysis starts producing chemicals 
at higher temperatures than pure lignin by ~50-100
o
C. Supported Al2O3/SiO2 catalysts 
produce more phenols relative to aromatics (~3:2) than zeolites (~1:1) or pure lignin 
(~2:1) pyrolysis. The production of phenols and aromatics peaks at 5% Al2O3/SiO2 and 
more aromatics are produced above 400
o
C. 
 
2.2.4 Comparison of Product Formation Between Catalysts 
In general, based on normalized operando mass spectrometry data in Figures 6.4 
and S6.6-S6.16, the HZSM-5 zeolite catalysts produce more 6-membered ring aromatics 
while supported Al2O3/SiO2 catalysts produce more furan and phenols. Non-catalytic 
lignin pyrolysis produces more 1,2,4-trimethoxybenzene, 2-methoxy-4-vinylphenol, 1,2-
benzenediol and 3-methoxy-1,2-benzenediol than catalytic pyrolysis and comparable 
amounts of 2,6-dimethoxyphenol. The 1% Al2O3/SiO2 catalyst is the most efficient of the  
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Figure 6.4. Mass spectrometry data of Phenol (m/z 94) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
 
supported catalysts per total acid sites for all products. Notably, the production of 
desirable chemicals phenol, 2-methoxyphenol, 2,6-dimethoxyphenol, and 2-methoxy-4-
methylphenol (Figs. 6.4, S6.11-S6.13) are enhanced by the supported Al2O3/SiO2 
catalysts. 
The production trends of several key products from catalytic pyrolysis with 
supported Al2O3/SiO2 catalysts are given in Figure 6.5. All products examined here  
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Figure 6.5. Integrated mass spectrum areas of select products from Operando Raman 
spectroscopy lignin pyrolysis experiments with supported Al2O3/SiO2 catalysts. 
 
exhibit peak production at 5% Al2O3/SiO2 before decreasing. These trends will be related 
to specific acid sites in a later section. 
 
3. Discussion 
3.1 Catalytic Active Sites 
The surface Brönsted acid sites of silica-alumina materials have been determined to 
be surface hydroxyl sites that are mostly IR active.
152, 165
 Upon examining the surface 
hydroxyl region of the zeolites during lignin pyrolysis (Figs. 6.2 and S6.1-S6.2) it is 
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found that nearly all hydroxyls are consumed during reaction for HZSM5-15, but not for 
Si/Al ratios of 40 and 140. This indicates that the typical bridging Si-(OH)
+
-Al hydroxyls 
are active sites and silanol groups can also serve as weak acid sites in the presence of a 
lot of aluminum in and on the zeolite.
152
 Hydroxyls are never completely consumed for 
supported Al2O3/SiO2 catalysts during lignin pyrolysis. These collective IR data indicate 
that all surface hydroxyl types, bridging to isolated silanols, can be considered catalytic 
active sites for biomass pyrolysis depending on their local environment. 
 
3.2 Reaction Intermediates 
No fleeting bands were detected in the in situ IR spectra of any catalyst during 
reaction, suggesting that the catalytic pyrolysis of lignin primarily occurs by breaking up 
and cracking the amorphous lignin structure. A Raman band at 1525-1510 cm
-1
, 
corresponding to a polyene of chain length of n = ~9, appears on all catalysts as early as 
175
o
C and always with a corresponding ~1600 cm
-1
 graphite-like band. The simultaneous 
appearance of these bands suggests that large polyene chains are precursors to coke 
formation.  
 
3.3 Reaction Mechanisms 
When the structures of lignin monomers are considered (IUPAC: 4-(3-
hydroxyprop-1-enyl)-2,6-dimethoxyphenol; 4-(3-hydroxy-1-propenyl)-2-methoxyphenol; 
and 4-[(E)-3-Hydroxyprop-1-enyl]phenol), it is obvious that a major reaction pathway is 
the simple thermal cracking of lignin. Non-catalytic lignin pyrolysis produces more 2-
methoxy-4-vinylphenol (IUPAC: 4-Ethenyl-2-methoxyphenol) than catalytic pyrolysis 
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and comparable amounts of 2,6-dimethoxyphenol (common name: syringol).  These 
products are easily achieved by cracking the 4-(3-hydroxy-1-propenyl) ligand of the 4-(3-
hydroxy-1-propenyl)-2-methoxyphenol monomer to 4-ethenyl and by cracking the 4-(3-
hydroxyprop-1-enyl)-2,6-dimethoxyphenol monomer to produce 2,6-dimethoxyphenol. 
Additionally, non-catalytic lignin pyrolysis produces more 1,2-benzenediol (common 
name: catechol) and 3-methoxy-1,2-benzenediol than any catalyst, which suggests they 
are also products of thermal cracking. These products can be easily formed from the 
above monomers and products by breaking the methoxy ether bond (R-O-CH3) and 
forming a hydroxyl in its place, a demethoxylation mechanism. 
Catalytic cracking of lignin is a major reaction pathway of catalytic pyrolysis. The 
presence of a catalyst can favor cracking at different locations on the cross-linked lignin 
monomers. This is evidenced by enhanced production of phenol and 2-methoxyphenol 
(common name: guaiacol) by the supported catalysts. Greater production of phenol and 
2-methoxyphenol indicates that the supported catalysts favor cleavage of methoxy groups 
and ligand C1-Cα propenyl bonds. The zeolite catalysts produce little of these products 
compared to the supported catalysts, but much more benzene and xylene, suggesting that 
the zeolite micropores confine the molecules long enough for further reaction.   
In zeolites only, with increasing aluminum content (decreasing Si/Al ratio) the first 
6-membered ring aromatic to be produced switches from benzene to xylene (which is 
methylated), while benzene remains the first for all supported catalysts. This is 
reminiscent of a polymethylbenzene intermediate that forms in zeolite micropores and 
can be demethylated to xylene, toluene, and benzene.
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 In contrast, the onset of 
methylated products x-methylnaphthalene and x,y-dimethylnaphthalene is delayed after 
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the formation of parent product naphthalene, indicating that methylation (alkylation) is a 
secondary reaction for these products.  
The polymerization of aromatics is experimentally observed in the Raman 
spectroscopy and mass spectrometry data. Polymerization reactions lead to high 
molecular weight polycyclic aromatics (phenanthrene, anthracene, fluorene, pyrene, etc.) 
and to catalyst deactivating coke. Large polycyclic aromatic gas products are produced at 
high temperatures when the catalyst is adequately coked, according to Raman 
spectroscopy. This suggests one of two possibilities for high temperature polycyclic 
aromatic formation, 1) graphite-like coke is an intermediate or 2) graphite-like/aromatic 
coke can be cracked into polycyclic aromatics. 
 
3.4 Catalyst Deactivation 
Raman spectroscopy clearly reveals that a main deactivation pathway is 
polymerization of aromatic molecules into graphite-like polymeric aromatics that build 
up on the catalyst surface. This family of aromatics either deactivates the catalyst via 
coking or releases as high molecular weight polycyclic aromatics with many fused 
benzene rings (phenanthrene, anthracene, fluorene, pyrene, etc.). All catalysts exhibit this 
same behavior indicating the generality of aromatic polymerization as a deactivation 
pathway. 
 
3.5 Structure-Activity Relationships 
Structure-activity relationships of products formed and catalytic active sites can be 
determined by examining the relationship between the normalized reaction data with 
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known catalyst structures (supported Al2O3/SiO2 catalysts). Many of the products studied 
cannot be formed in a single step and, thus, may require multiple steps and/or catalytic 
active sites. The structure-activity relationships established here simply indicate that a 
specific catalytic active site is required to complete a reaction pathway from lignin to a 
given reaction product. 
All products exhibit almost the exact same trend (Figs 6.5) which peaks at 5% 
Al2O3/SiO2 and then decreases. This trend corresponds to strong surface AlO4 BAS sites. 
The majority of products from catalytic lignin pyrolysis are produced by 
depolymerization, cracking, and cleavage of the amorphous lignin structure and 
substituents, which is evidenced by all products correlating with the same Brönsted acid 
active site(s). 
 
4. Conclusions 
 
Studies that correlate the various solid acid catalytic active sites with product 
formation are considerably lacking in the biomass conversion literature. This chapter 
attempted to correlate Lewis and Brönsted acid sites of varying alumina coordination 
(AlO4, AlO5, and AlO6) with individual value-added chemicals produced by catalytic 
lignin pyrolysis by employing H-ZSM-5 and supported Al2O3/SiO2 catalysts with more 
well-defined surface alumina sites and operando molecular spectroscopy during 
pyrolysis. 
Results of in situ and operando spectroscopy experiments during lignin pyrolysis 
revealed that there is only one reaction intermediate on the catalyst surface, a polyene, 
which is thought to be an intermediate to coke formation. Aromatic polymerization was 
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experimentally observed to be the major catalyst deactivation pathway that led to 
graphite-like aromatic coke. The major pyrolysis products of non-catalytic and catalytic 
lignin pyrolysis were determined to be the result of depolymerization, cracking, and 
cleavage of the amorphous lignin structure.  Supported Al2O3/SiO2 catalysts favored the 
cleavage of lignin methoxy groups and the C-C bonds of alkene ligands to enhance the 
production of phenol and 2-methoxyphenol. Zeolite catalysts appear to further react the 
depolymerized lignin species to benzene, toluene, and xylene, probably due to 
confinement within their mircropores. 
For catalytic lignin pyrolysis, all key products correlated with strong surface AlO4 
BAS sites. This further supports the idea of a single depolymerization/cracking 
mechanism. These new insights into catalytic biomass pyrolysis emphasize that 
production of desired chemicals from lignin can be achieved through tuning the amount 
and strength of Bronsted acid sites to cleave phenolic ligands. 
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Figure S6.1. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S6.2. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S6.3. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S6.4. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S6.5. Operando Raman spectroscopy and in situ IR spectroscopy during lignin 
pyrolysis with a 10% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, 
C) MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S6.6. Mass spectrometry data of Furan (m/z 68) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
50 100 150 200 250 300 350 400 450 500 550
Furan
 
Temperature (
o
C)
4644 Counts/Total Acid Sites
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 
(c
o
u
n
ts
/t
o
ta
l 
a
c
id
 s
it
e
s
)
3AlSi
10AlSi
5AlSi
1AlSi
HZSM5-140
HZSM5-40
3AlSi
10AlSi
5AlSi
HZSM5-15
1AlSi
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
/m
2
)
2144 Counts/m
2
50 100 150 200 250 300 350 400 450 500 550
Furan
 
Temperature (
o
C)
50 100 150 200 250 300 350 400 450 500 550
HZSM5-140
Temperature (
o
C)
HZSM5-40
3AlSi
10AlSi
5AlSi
Lignin
HZSM5-15
1AlSi
Furan
In
te
n
s
it
y
 (
c
o
u
n
ts
)
10003 Counts
A B
C
 269 
50 100 150 200 250 300 350 400 450 500 550
Benzene
Temperature (
o
C)
8574 Counts/Total Acid Sites
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 
(c
o
u
n
ts
/t
o
ta
l 
a
c
id
 s
it
e
s
)
3AlSi
10AlSi
5AlSi
1AlSi
Benzene
HZSM5-140
HZSM5-40
3AlSi
10AlSi
5AlSi
HZSM5-15
1AlSi
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
/m
2
)
3572 Counts/m
2
50 100 150 200 250 300 350 400 450 500 550
 
Temperature (
o
C)
50 100 150 200 250 300 350 400 450 500 550
HZSM5-140
Temperature (
o
C)
HZSM5-40
3AlSi
10AlSi
5AlSi
Lignin
HZSM5-15
1AlSi
Benzene
In
te
n
s
it
y
 (
c
o
u
n
ts
)
15004 Counts
A B
C
Figure S6.7. Mass spectrometry data of Benzene (m/z 78) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S6.8. Mass spectrometry data of Xylene (m/z 106) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S6.9. Mass spectrometry data of 1,2,4-Trimethoxybenzene (m/z 168) from 
Operando Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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Figure S6.10. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S6.11. Mass spectrometry data of 2-methoxyphenol (m/z 109) from Operando 
Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S6.12. Mass spectrometry data of 2,6-dimethoxyphenol (m/z 154) from Operando 
Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S6.13. Mass spectrometry data of 2-methoxy-4-methylphenol (m/z 138) from 
Operando Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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Figure S6.14. Mass spectrometry data of 2-methoxy-4-vinylphenol (m/z 150) from 
Operando Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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Figure S6.15. Mass spectrometry data of 1,2-benzenediol (m/z 110) from Operando 
Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S6.16. Mass spectrometry data of 3-methoxy-1,2-benzenediol (m/z 140) from 
Operando Raman spectroscopy lignin pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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Abstract 
In situ and operando Raman-IR-MS spectroscopy experiments during wood 
pyrolysis by H-ZSM-5 and supported Al2O3/SiO2 catalysts revealed that there are two 
surface reaction intermediates, furan and conjugated alkenes, which are thought to be 
intermediates leading to coke formation. The HZSM-5 catalyst favored production of 6-
membered ring aromatics while the supported Al2O3/SiO2 catalysts tended to mostly 
yield production of phenolics. Previously observed catalyst coking, aromatic methylation, 
and anhydrosugar dehydration mechanisms for cellulose, hemicellulose and lignin are 
also observed for catalytic wood pyrolysis. The complex nature of multicomponent 
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woody biomass didn’t allow for establishing a clear structure-activity/selectivity trend 
related to a specific catalytic active site or acid site  
  
1. Introduction 
An extensive review of the catalytic biomass pyrolysis literature was previously 
given in Chapter 1 and the reader is referred there for details. This chapter attempts to 
correlate the production of value-added chemicals from whole biomass with specific 
catalytic active sites based on the knowledge of biomass components established in 
previous chapters. 
Studies that correlate the various solid acid catalytic active sites with product 
formation are considerably lacking in the biomass conversion literature. This chapter 
attempts to correlate surface Lewis and Brönsted acid sites of varying alumina 
coordination (AlO4, AlO5, and AlO6) with individual value-added chemicals produced by 
catalytic wood pyrolysis by employing H-ZSM-5 and supported Al2O3/SiO2 catalysts 
with more well-defined surface alumina sites and operando molecular spectroscopy 
during pyrolysis 
 
2. Results 
2.1 Product Detection via GC-MS 
The indentified wood pyrolysis products are given in Table 7.1 along with their 
assignment probability calculated by the NIST MS Search 2.0 or Varian MS Data Review 
program. The cracking pattern of many products was confirmed by standards as indicated 
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by “confirmed” in the assignment probability column. A total of 83 products were 
indentified, 40 major products were detected during pure biomass pyrolysis and an 
additional 43 from catalytic pyrolysis. As discussed in the experimental section, this 
analysis only samples a small amount of the reaction gases so certain products may not 
be detected across all catalysts, even though they may be produced by all catalysts.  
Based on the summary of platform chemicals from biomass conversion (Chapter 1, 
§1.4), the following products will be considered for further analysis via operando 
experiments: levoglucosan, benzene, xylene, phenol, 2-methoxyphenol (guaiacol), 2,6-
dimethoxyphenol (syringol), 2-methoxy-4-methylphenol (creosol), and 2-methoxy-4-
vinylphenol (4-vinylguaiacol). Expanding on these platform chemicals, several molecules 
closely related or produced in large quantities will also be considered:  Anhydrosugars) 
levoglucosenone, Aromatics) naphthalene, phenanthrene/anthracene, 1-
methylnaphthalene, 2,6-dimethylnaphthalene, and fluorene,  Phenols) 3-methoxy-1,2-
benzenediol, and 4-(2-propenyl)-2,6-dimethoxyphenol, Others) H2O, CO, O2, and CO2.  
Table 7.1. Products of catalytic wood pyrolysis identified by GC-MS analysis. Green 
highlights indicate products formed from non-catalytic pyrolysis. A “vol” retention time 
indicates that the product did not adsorb on the GC column. A “lit” assignment 
probability indicates an assignment made based on literature observed products and our 
experimental cracking patterns, but it could not be determined directly with analysis 
software due to various reasons (low signal, multiple products eluted at once, etc.)  
Retention 
Time MW Product 
Assignment 
Probability 
(%) Catalyst 
    
HZSM-5    
15 
HZSM-5    
140 
10AlSi 1AlSi  Wood 
vol 58 Acetone confirmed X X X X X 
vol 68 Furan confirmed X X X X  
vol 92 Toluene confirmed X X X   
vol 82 2-methylfuran lit 
 
X X X 
 
vol 76 Acetic Acid 74 X X X X X 
vol 96 furfural confirmed X X X X X 
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vol 98 2-furanmethanol lit   X X X X 
vol 78 Benzene confirmed X  
X 
  
vol 106 Xylene confirmed X  
X 
  
vol 110 
2-furancarboxaldehyde, 5-
methyl 
91 
 
 
X X 
 
7.8 94 Phenol 80 X X   X X 
15.5 116 Indene 54 X X  
X 
 
18.7 116 Benzene, 1-ethynyl-4-methyl 75 X X X X  
19.5 124 2,5-furandicarboxaldehyde 81 X     
22.9 148 Furan, 2,2'-methylenebis 81 X     
23.2 124 Phenol, 2 -methoxy 76 X X X X X 
25.9 132 Benzofuran, 2-methyl 67 X  
X 
  
26.9 108 Phenol, 4-methyl 62 X X X   
28.2 108 Phenol, 3-methyl 56 X X X X X 
28.6 126 Levoglucosenone 97 
 
 
X X 
 
30.0 126 Maltol 95     X X   
35.7 130 2-Methylindene 19 X X X 
  
37.8 122 Phenol, 2,5-dimethyl 26 X 
    
38.5 122 Phenol, 2,4-dimethyl 36 X   X X X 
41.2 128 Naphthalene 68 X X X X   
43.2 138 Phenol, 2-methoxy-4-methyl 75 X X X X X 
46.0 160 
2-propenal, 3-phenyl or (E)-
cinnamaldehyde 
21 X X 
   
46.2 146 Benzofuran, 4,7-dimethyl 70 X 
    
47.5 110 1,2-Benzenediol 90 X X X X X 
48.8 120 Benzofuran, 2,3-dihydro 56 X X       
51.7 144 
Naphthalene, 1,2-dihydro-4-
methyl 
31 X X 
   
52.0 152 2,3-dimethoxytoluene 75     X X X 
52.1 126 
2-furancarboxaldehyde, 5-
(hydroxymethyl) 
89 
   
X 
 
52.7 140 1,2-Benzenediol, 3-methoxy 85 X X X X X 
54.3 132 1H-Inden-1-one, 2,3-dihydro 85 
  
X 
  
54.9 152 Phenol, 4-ethyl-2-methoxy 87 X X X X X 
55.7 142 1-methylnaphthalene 70 X X X X   
55.8 140 1,2-Benzenediol, 3-methyl 85 X X X X X 
56.7 142 2-methylnaphthalene 70 
 
X X 
  
58.9 166 1,2-Benzenedicarboxylic acid 59 
  
X 
  
59.9 150 2-methoxy-4-vinylphenol 71 X X X X X 
63.1 138 3-methoxy-5-methylphenol 86 X   X X X 
65.9 154 Phenol, 2,6-dimethoxy 91 X X X X X 
66.3 132 1H-indenol 64 X X 
   
66.7 154 Phenol, 3,4-dimethoxy 53 X         
67.7 154 Biphenyl 70 X 
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69.1 156 Naphthalene, 1-ethyl 64 X 
    
70.6 156 2,6-dimethylnaphthalene 29 X X X X   
71.2 152 Vanillin 67   X X X X 
73.7 154 Naphthalene, 2-ethenyl 74 X 
    
75.1 152 
2-furancarboxaldehyde, 5-
methyl 
75 
   
X 
 
75.9 162 Benzene, hexamethyl 61 
   
X 
 
77.3 164 
Phenol, 2-methoxy-4-(1-
propenyl) 
36 X X X X X 
78.0 168 1,2,4-Timethoxybenzene 61 X X X X X 
81.0 162 
6-methoxy-3-
methylbenzofuran 
56 X X X X X 
81.7 168 1,1'-Biphenyl, 4-methyl 35 X 
    
82.3 166 
Ethanone, 1-(4-hydroxy-4-
methoxyphenyl) 
63   X X X X 
83.2 168 Dibenzofuran 92 X 
 
X 
  
86.0 144 2-Naphthalenol 50 X 
 
X 
  
86.7 182 5-tert-butylpyrogallol 63 X X X X X 
87.0 180 
2-propanone, 1-(4-hydroxy-
3-methoxyphenyl) 
72 X X X X X 
87.5 170 Naphthalene, 2,3,6-trimethyl 39 X 
 
X 
  
90.7 166 Fluorene 81 X 
 
X X 
 
91.7 180 
3',5'-
dimethoxyacetophenone 
31   X   X X 
95.9 196 Benzene, 1,1-propylindenebis 36 
  
X X X 
96.7 182 Dibenzofuran, 4-methyl 55   X       
97.4 158 1-naphthalenol, 2-methyl 45 X 
    
100.2 174 2-Naphthalenol, 3-methoxy 72 
  
X X 
 
101.5 182 
Benzaldehyde, 4-hydroxy-
3,5-dimethoxy 
83   X X X X 
103.3 180 9H-Fluorene, 2-methyl- 39 X 
 
X 
  
106.1 194 
Phenol, 2,6-dimethoxy-4-(2-
propenyl) 
94 X X X X X 
107.6 180 9H-Fluorene, 4-methyl- 40 X X 
   
108.8 196 
Ethanone, 1-(4-hydroxy-3,5-
dimethoxyphenyl) 
97 X X X X X 
109.5 178 Phenanthrene 44 X X X X X 
110.8 178 Anthracene 33 X X X X X 
112.9 210 
2-pentanone, 1-(2,4,6-
trihydroxyphenyl) 
48   X X X X 
124.0 192 Anthracene, 2-methyl 37 X X X X 
 
129.1 162 Levoglucosan 76 
   
X 
 
130.0 204 2-Phenylnaphthalene 40 X X 
   
130.9 162 
1,6-anhydro-beta-D-
glucofuranose 
47 
  
X 
  
134.8 206 Phenanthrene, 1,7-dimethyl 26 X 
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140.9 202 Pyrene 77 X X X X X 
151.4 216 7H-Benzo[c]fluorene 55 X X 
   
 
2.2 In Situ and Operando Spectroscopy during Lignin Pyrolysis 
2.2.1 Pure Wood Without A Catalyst 
The in situ IR and operando Raman spectroscopy data of pure wood pyrolysis are 
given in Figure 7.1. Many bands from wood are initially present in the IR spectra at 60
o
C 
and only band assignments relevant to biomass conversion will be discussed. No 
individual band can be observed to decrease before others in the IR spectra (Fig. 7.1B).  
New IR bands  that could correspond to a reaction intermediate do not appear and only a 
weak band forms at 3047 cm
-1
 that corresponds to aromatic coke and intensifies above 
400
o
C. The IR bands remaining after reaction are attributed to char functional groups 
discussed in previous chapters. The corresponding Raman spectra (Fig. 7.1A) exhibit the 
same bands as in all previous chapters that can be assigned to graphite-like polymeric 
aromatic hydrocarbons (1589 and 1354 cm
-1
) , conjugated  alkenes (unlabeled shoulder at 
~1540 cm
-1
), and aromatic polymers (1230 cm
-1
) that make up coke. 
Time-resolved mass spectrometry data are given in Figures 7.1C-F and are broken 
into four categories. Major furan products could not be tracked in real-time due to 
cracking pattern conflicts. The major detected products of wood pyrolysis are CO2 and 
levoglucosan.  All major products tracked form between 250-450
o
C. For aromatics, large 
phenanthrene/anthracene molecules are initially produced at a lower temperature and  
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Figure 7.1. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis without catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) MS-
Anhydrosugars, D) MS–Aromatics, E) MS-Phenols, F) MS-Others. 
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followed by smaller aromatics at a slightly higher temperature. In contrast, nearly all 
phenols are produced at the same initial temperature. 
 
2.2.2 HZSM-5 Catalysts 
The in situ IR and operando Raman spectroscopy data of lignin pyrolysis with 
HZSM-5 zeolite catalysts are presented in Figure 7.2 (HZSM5-40) and Figures S7.1-S7.2 
(HZSM5-15 and -140). Bands from wood and HZSM-5 are initially observed in the IR 
spectra and are mostly left unlabeled. No wood band in particular can be observed to 
decrease before the others in the Raman or IR spectra during pyrolysis. Only IR bands at 
440-640
o
C from adsorbed furan (3149 and 3115 cm
-1
) are observed during pyrolysis.
128
 
Zeolite hydroxyl bands are consumed at different temperatures during pyrolysis, silanol 
(3743 cm
-1
) >300
o
C, BAS (3694cm
-1
 )  ~200
o
C, extraframework Al-OH (3658 cm
-1
) 
~340
o
C, and BAS  (3594 cm
-1
) ~600
o
C reflecting their involvement in the pyrolysis 
reactions. The HZSM5-15 catalyst exhibits nearly complete participation of its silanol 
groups, while the other zeolites appear to have a small amount remaining after pyrolysis. 
The zeolite catalysts also exhibit the appearance of IR and Raman bands related to coke 
(IR: 3047, Raman: 1230, 1357, 1511, 1593 cm
-1
). The remaining labeled and unlabeled 
bands in the IR spectra are from char functional groups (3548, 2998, 2929, 2856, 1472, 
1418 and 1067 cm
-1
) or the HZSM-5 support (1613, 1317-1298, 1191 and 811 cm
-1
). 
The time-resolved mass spectra are shown in Figures 7.2C-E and S7.1-S7.2C-E and 
broken into four categories (anhydrosugars, aromatics, phenols and gases). Increasing the 
Al content of the zeolites (decreasing Si/Al ratio) decreases the production of phenols and 
anhydrosugars and increases the production of aromatics, especially at high temperatures.  
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Figure 7.2. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS-Anhydrosugars, D) MS–Aromatics, E) MS-Phenols, F) MS-Others 
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The major products of wood pyrolysis by zeolites are CO2, levoglucosan (high Si/Al 
ratio) and naphthalene (low Si/Al ratio). 
 
2.2.3 Supported Al2O3/SiO2 Catalysts 
The in situ IR and operando Raman spectra of wood pyrolysis by supported 
Al2O3/SiO2 catalysts are presented in Figures 7.3 and S7.3-S7.5. The IR bands from 
wood (broad 2929, 1737, 1659, 1508, 1457, 1425, 1375, 1324, 1277, 1168, 1070 and 903 
cm
-1
) and the SiO2 support (3740 and 836 cm
-1
) are initially present and are mostly left 
unlabeled. There is no preferential decrease of any of the wood bands before the others 
and no new IR bands corresponding to reaction intermediates are present during wood 
pyrolysis. The silanol (3743 cm
-1
) and vicinal hydroxyls (3679 cm
-1
) from the support are 
partially consumed during reaction for all the supported Al2O3/SiO2 catalysts. The 
remaining labeled and unlabeled bands are from coke (IR: 3047, Raman: 1230, 1350, 
1589 cm
-1
), char functional groups (3557, 2998, 2929, 2856, 1691, 1586, 1477, 1410, 
1269, cm
-1
) or the SiO2 support (3740, 3680, 817 cm
-1
) as discussed in prior chapters. 
The time-resolved mass spectra are shown in Figures 7.3C-F and S7.3-S7.5C-E, 
and broken into four categories (anhydrosugars, aromatics, phenols and gases). The major 
products of wood pyrolysis by supported Al2O3/SiO2 catalysts are CO2, levoglucosenone, 
levoglucosan, and 2-methoxyphenol. The difference in product formation among the 
catalysts is discussed below. 
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Figure 7.3. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a 5% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS-Anhydrosugars, D) MS–Aromatics, E) MS-Phenols, F) MS-Others. 
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Figure 7.4. Mass spectrometry data of Levoglucosan (m/z 60) from Operando Raman 
spectroscopy lignin pyrolysis experiments. A) raw signal (which is inherently normalized 
by weight), B) normalized by catalyst surface area, C) normalized by total number of acid 
sites from NH3 adsorption. 
 
2.2.4 Comparison of Product Formation Between Catalysts 
In general, based on the normalized operando mass spectra in Figures 7.4 and S7.6-
S7.15, the HZSM-5 zeolite catalysts produce more 6-membered ring aromatics while 
supported Al2O3/SiO2 catalysts produce more phenols. The 1% Al2O3/SiO2 catalyst is the 
most efficient of the supported catalysts per weight, surface area, and acid sites for nearly 
all products. Notably, the production of desirable chemicals phenol, 2-methoxyphenol, 
2,6-dimethoxyphenol, and 2-methoxy-4-methylphenol (Figs. S7.11-S7.13) are enhanced  
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Figure 7.5. Area integrated mass spectra areas of select products formed during 
Operando Raman spectroscopy wood pyrolysis experiments with supported Al2O3/SiO2 
catalysts. 
 
by the supported Al2O3/SiO2 catalysts. Xylene production from the 10% Al2O3/SiO2 is 
anomalously high and is probably due to some experimental error. In the interest of time, 
no attempts were made to reproduce this anomalous data point since it does not alter the 
main conclusions of this dissertation. The production trends of several key products from 
catalytic wood pyrolysis with supported Al2O3/SiO2 catalysts are given in Figure 7.5. 
Nearly all examined products exhibit maximum production for the supported 1% 
Al2O3/SiO2 catalyst.   
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3. Discussion 
3.1 Catalytic Active Sites 
As previously observed, the partial, and sometimes complete, consumption of 
surface hydroxyls observed in the in situ IR data during reaction indicates that all surface 
hydroxyl types, bridging to isolated silanols, can be considered catalytic active sites that 
participate during biomass pyrolysis depending on their local environment. The overall 
decrease in absorption in the hydroxyl region indicates the hydroxyls are being consumed 
instead of simply interacting with pyrolysis products. 
 
3.2 Reaction Intermediates 
No new bands compared to previous chapters were detected in the in situ IR spectra 
of any catalyst during reaction. Minor bands/shoulders from adsorbed furan and 
conjugated alkenes (polyenes) are observed. The adsorbed surface furan species is only 
observed on zeolite catalysts around 420
o
C and remains on the catalyst until 640
o
C, 
suggesting that it is likely involved in catalyst deactivation through aromatic coke 
formation. The conjugated alkene has also been previously assigned to an intermediate 
hydrocarbon that leads to coking. 
 
3.3 Reaction Mechanisms 
A majority of the phenol products (produced almost exclusively from the lignin 
portion) exhibit the highest production with 1% Al2O3/SiO2 or the HZSM5-140 sample, 
indicating that the role of isolated catalytic active sites is to depolymerize, crack, or 
demethoxylate the lignin structure from whole biomass. This is in contrast to the previous 
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chapter which utilized lignin isolated from biomass and exhibited the highest production 
with supported 5% Al2O3/SiO2 catalyst. This disparity is likely due to different lignin 
structures and competing reactions with the cellulose and hemicellulose fractions. As 
similarly observed in the lignin chapter, catalytic cracking of lignin is a major reaction 
pathway of catalytic wood pyrolysis. The presence of a catalyst can favor cracking at 
different locations on the cross-linked lignin monomers. This is evidenced by enhanced 
production of phenol and 2-methoxyphenol (common name: guaiacol) by the supported 
and zeolite catalysts. Greater production of 2-methoxyphenol indicates that the supported 
catalysts favor cleavage of methoxy groups and ligand C1-Cα propenyl bonds of lignin.  
The onset of methylated products x-methylnaphthalene and 2,6-
dimethylnaphthalene is delayed several degrees after the formation of parent product 
naphthalene, indicating that methylation (alkylation) is a secondary reaction for these 
products. The polymerization of aromatics is experimentally observed in the Raman 
spectroscopy and mass spectrometry data. Polymerization reactions lead to high 
molecular weight polycyclic aromatics (phenanthrene, anthracene, fluorene, pyrene, etc.) 
and to catalyst deactivating coke. This suggests one of two possibilities for high 
temperature polycyclic aromatic formation, 1) graphite-like coke is an intermediate or 2) 
graphite-like/aromatic coke can be cracked into polycyclic aromatics. 
It is demonstrated that a small amount of acid sites (1% Al2O3/SiO2 and HZSM5-
140) enhances the production of anhydrosugar levoglucosan, which is formed mainly 
from the cellulose fraction of biomass. Catalysts with appreciable acidity produce more 
levoglucosenone, indicating that acid sites catalyze the dehydration of levoglucosan into 
levoglucosenone. These mechanisms are similar to those observed with the individual 
 294 
components of biomass examined in previous chapters. This suggests that the individual 
components of biomass may compete for active sites during whole biomass pyrolysis, but 
the mechanisms of catalytic transformation remain the same. 
 
3.4 Catalyst Deactivation 
As with all biomass samples, Raman spectroscopy clearly reveals that the main 
deactivation pathway is polymerization of aromatic molecules into graphite-like 
polymeric aromatics that build up on the catalyst surface. This family of aromatics either 
deactivates the catalyst via coking as high molecular weight polycyclic aromatics with 
many fused benzene rings (phenanthrene, anthracene, fluorene, pyrene, etc.). All catalysts 
exhibit the same deactivation pattern indicating the generality of aromatic polymerization 
as a deactivation pathway. 
 
3.5 Structure-Activity Relationships 
Structure-activity relationships of products formed and catalytic active sites can be 
established by examining the relationship between the normalized reaction data with 
known catalyst structures (supported Al2O3/SiO2 catalysts). Many of the products studied 
cannot be formed in a single step and, thus, may require multiple steps and/or catalytic 
active sites. The structure-activity relationships established here simply indicate that a 
specific catalytic active site is required to complete a reaction pathway from wood to a 
given reaction product. 
All products exhibit almost the exact same trend (Figs 7.5) with maximum 
production at 1% Al2O3/SiO2, decreasing at 3% Al2O3/SiO2 and then increasing up to 
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10% Al2O3/SiO2. Exceptions are 1-methylnaphthalene and xylene, which exhibit 
different trends. None of the observed trends clearly match trends established for the 
surface AlOx sites or acidity nature, however, this is expected because previous chapters 
have shown that each constituent of biomass has different trends. When testing whole 
biomass samples the trends will reflect some average of the trends of its constituents, in 
the absence of synergistic effects. These results indicate that for biomass pyrolysis, 
structure-activity relationships are best established through the study of individual 
components of biomass or model compounds. 
 
4. Conclusions 
 
In situ and operando spectroscopy experiments during wood pyrolysis revealed that 
there are two reaction intermediates on the catalyst surface, furan and conjugated alkene, 
which are thought to be intermediates to coke formation. Aromatic polymerization 
appears to be the major catalyst deactivation pathway that leads to graphite-like aromatic 
coke. The previously observed mechanisms of methylation of larger aromatics, aromatic 
polymerization, coke cracking/depolymerization into aromatics, selective lignin bond 
breaking, and anhydrosugars dehydration are also observed with woody biomass. The 
HZSM-5 catalyst favored production of 6-membered ring aromatics while the supported 
Al2O3/SiO2 catalysts tended to mostly yield production of phenolics.  For catalytic wood 
pyrolysis, all key products did not exhibit a clear trend related to a specific catalytic 
active site or acid site nature. These results indicate that operando spectroscopy is most 
powerful when utilized with simpler systems such as biomass components.  
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Figure S7.1. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a HZSM5-15 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S7.2. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a HZSM5-140 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S7.3. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a 1% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S7.4. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a 3% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, C) 
MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S7.5. Operando Raman spectroscopy and in situ IR spectroscopy during wood 
pyrolysis with a 10% Al2O3/SiO2 catalyst. A) Raman spectroscopy, B) IR spectroscopy, 
C) MS–Aromatics, D) MS-Phenols, E) MS-Others. 
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Figure S7.6. Mass spectrometry data of Benzene (m/z 78) from Operando Raman 
spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S7.7. Mass spectrometry data of Xylene (m/z 106) from Operando Raman 
spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S7.8. Mass spectrometry data of Naphthalene (m/z 128) from Operando Raman 
spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
 305 
50 100 150 200 250 300 350 400 450 500 550
HZSM5-140
Temperature (
o
C)
HZSM5-40
3AlSi
10AlSi
5AlSi
Wood
HZSM5-15
1AlSi
1-methylnaphthalene
In
te
n
s
it
y
 (
c
o
u
n
ts
)
25722 Counts
1-methylnaphthalene
HZSM5-140
HZSM5-40
3AlSi
10AlSi
5AlSi
HZSM5-15
1AlSiN
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
/m
2
)
5001 Counts/m
2
50 100 150 200 250 300 350 400 450 500 550
 
Temperature (
o
C)
50 100 150 200 250 300 350 400 450 500 550
1-methylnaphthalene
 
Temperature (
o
C)
2858 Counts/Total Acid Sites
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 
(c
o
u
n
ts
/t
o
ta
l 
a
c
id
 s
it
e
s
)
3AlSi
10AlSi
5AlSi
1AlSi
A B
C
 
Figure S7.9. Mass spectrometry data of 1-methylnaphthalene (m/z 142) from Operando 
Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S7.10. Mass spectrometry data of Phenol (m/z 94) from Operando Raman 
spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by weight 
inherently), B) normalized by catalyst surface area, C) normalized by total number of 
acid sites from NH3 adsorption. 
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Figure S7.11. Mass spectrometry data of 2-methoxyphenol (m/z 109) from Operando 
Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S7.12. Mass spectrometry data of 2,6-dimethoxyphenol (m/z 154) from Operando 
Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is normalized by 
weight inherently), B) normalized by catalyst surface area, C) normalized by total 
number of acid sites from NH3 adsorption. 
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Figure S7.13. Mass spectrometry data of 2-methoxy-4-methylphenol (m/z 138) from 
Operando Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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Figure S7.14. Mass spectrometry data of 2-methoxy-4-vinylphenol (m/z 150) from 
Operando Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
 311 
50 100 150 200 250 300 350 400 450 500 550
3-methoxy-1,2-benzenediol
 
Temperature (
o
C)
8574 Counts/Total Acid Sites
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 
(c
o
u
n
ts
/t
o
ta
l 
a
c
id
 s
it
e
s
)
3AlSi
10AlSi
5AlSi
1AlSi
3-methoxy-1,2-benzenediol
HZSM5-140
HZSM5-40
3AlSi
10AlSi
5AlSi
HZSM5-15
1AlSi
N
o
rm
a
li
z
e
d
 I
n
te
n
s
it
y
 (
c
o
u
n
ts
/m
2
)
2215 Counts/m
2
50 100 150 200 250 300 350 400 450 500 550
 
Temperature (
o
C)
50 100 150 200 250 300 350 400 450 500 550
HZSM5-140
Temperature (
o
C)
HZSM5-40
3AlSi
10AlSi
5AlSi
Wood
HZSM5-15
1AlSi
3-methoxy-1,2-benzenediol
In
te
n
s
it
y
 (
c
o
u
n
ts
)
8574 Counts
A B
C
 
Figure S7.15. Mass spectrometry data of 3-methoxy-1,2-benzenediol (m/z 140) from 
Operando Raman spectroscopy wood pyrolysis experiments. A) raw signal (which is 
normalized by weight inherently), B) normalized by catalyst surface area, C) normalized 
by total number of acid sites from NH3 adsorption. 
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1. Conclusions 
With the declining amount of fossil fuel resources, the need to develop sustainable 
processes that produce liquid hydrocarbon fuels has stimulated an explosion of research 
in biomass conversion technologies. One of the simplest biomass conversion methods 
that results in a liquid hydrocarbon fuel is catalytic biomass pyrolysis. Catalytic biomass 
pyrolysis has been examined from process technology and catalyst discovery points of 
view, but the lack of a well-defined catalyst with known molecular structure(s) has 
hampered the development of catalyst structure-activity relationships for value-added 
chemicals and fuels. Supported Al2O3/SiO2 catalysts were synthesized and extensively 
characterized using ex situ high field 
27
Al NMR spectroscopy, in situ Raman 
spectroscopy, in situ IR spectroscopy, and adsorption of probe molecules (CO and NH3) 
to determine the precise molecular structures and chemical natures of the surface AlOx 
acids sites. Changes in the catalyst/biomass structure and the evolution of pyrolysis 
products were monitored under real pyrolysis reaction conditions using in situ IR 
spectroscopy and operando Raman spectroscopy-Mass spectrometry. For the first time, 
the evolution of key pyrolysis products from biomass and its constituents was correlated 
with acid site nature and surface AlOx molecular structure(s), establishing the first 
 313 
structure-activity relationships for catalytic biomass pyrolysis. The main conclusions of 
each chapter of the dissertation are summarized below. 
 
Chapter 3 - Synthesis and Characterization of Solid Acid Catalysts 
In hydrated Al2O3/SiO2 catalysts, five distinct surface aluminum oxide sites were 
identified with AlO4, AlO5 and three different AlO6 coordinations. The vast majority of 
surface AlO6 sites are bonded to water in their first coordination sphere. In contrast, the 
surface AlO4 and AlO5 sites do not typically bond to water. At low alumina loadings, 
surface AlO4 sites are generally found to form bridging Al-O-Al bonds with surface AlO6 
sites, though isolated sites and bonds to surface AlO5 sites also exist. At high alumina 
loadings, the proportion shifts in favor of surface AlO4-AlO5 bonds. Quantum chemical 
calculations also predicted that surface AlO5 sites only exist with bridging Al-O-Al bonds 
as dimers or larger oligomers/clusters. 
In dehydrated supported Al2O3/SiO2 catalysts, only three distinct surface aluminum 
oxide sites could be observed by high field NMR spectroscopy, surface AlO4, AlO5 and 
AlO6 sites. The disappearance of some of the 
27
Al MAS NMR spectra upon dehydration 
of supported Al2O3/SiO2 catalysts indicates that the highly dispersed surface alumina 
phase undergoes significant structural changes upon dehydration. Only a minor amount 
of surface AlO6 sites are present after dehydration because a loss of water converts the 
sites into a distorted surface AlO4 coordination. At low alumina loadings, the majority of 
the surface AlO4 sites are bound to surface AlO6, which results in both converting into 
distorted surface AlO4-AlO4 sites upon loss of water. Isolated surface AlO4 and surface 
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AlO4-AlO5 sites remain unchanged. At high alumina loadings, the proportion shifts in 
favor of surface AlO4-AlO5 sites, which are unaffected by dehydration. 
Two surface Lewis acid sites and three Brønsted acid sites were identified. Strong 
Lewis and strong Brönsted acid sites originate from surface AlO5-AlOx sites and medium 
strength Lewis acid sites are from surface AlO6 sites that convert into surface AlO4 sites 
upon dehydration. The second strongest Brønsted acid site appears to be associated with 
NMR-visible surface AlO4 sites. 
 
Chapter 4 - Catalytic Pyrolysis of Cellulose and Glucose 
Results of operando spectroscopy experiments during glucose pyrolysis revealed 
that there are several intermediates on the catalyst surface, including two different 
intermediates containing furan rings, conjugated alkenes, and alkenes conjugated to 
aromatic rings. Glucose pyrolysis was demonstrated to involve different mechanisms and 
catalytic active sites than cellulose pyrolysis. The production of levoglucoseone and 5H-
furan-2-one correlated well with weak Brönsted acid sites from silanol groups. Furfural 
seemed to correlate with the medium strength Brönsted acid sites. Many products did not 
correlate with a specific active site indicating their dependence on multiple active sites 
and reaction pathways. Operando molecular spectroscopy experiments during cellulose 
pyrolysis revealed the same reaction intermediates as glucose pyrolysis but different 
catalytic active sites. All products, except naphthalene, correlated with the amount of 
strong Brönsted acid sites from surface AlO4 or AlO5 sites. Naphthalene production 
correlated with medium strength Lewis acid sites from surface AlO6 sites (hydrated) that 
change coordination upon dehydration, presumably to surface AlO4. The similarity of all 
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product trends indicates a common reaction step which is likely the breaking of the 
β(1→4) glycosidic bond in cellulose. Aromatic polymerization was experimentally 
observed to be the major catalyst deactivation pathway that led to graphite-like aromatic 
coke. 
  
Chapter 5 - Catalytic Pyrolysis of Xylan and Xylose 
Results of in situ and operando spectroscopy experiments during xylose pyrolysis 
revealed that there are several intermediates on the catalyst surface, including furans, 
conjugated alkenes, and small ring alkanes with carbonyl groups. Aromatic 
polymerization was experimentally observed to be the major catalyst deactivation 
pathway that led to graphite-like aromatic coke. Methylation of large aromatics 
(naphthalene and larger) was observed to be the reaction pathway to methylnaphthalenes 
while the opposite, demethylation of small aromatics, was determined to be the pathway 
to benzene from toluene/xylene. The catalytically assisted dehydration of xylose into 
furfural was observed to be a key step in furfural production, which can occur as low as 
~150
o
C in the presence of a catalyst. 
For xylose pyrolysis, furfural and indene-LT (50-335
o
C) correlate with medium 
strength BAS, 2-methylfuran, x-methylphenol/x-dimethylphenol, BTX, and naphthalene 
correlate fairly well with the decreasing trend of weak BAS, and indene-HT (335-550
o
C) 
resembles the strong AlO5 LAS or BAS trend. For xylan pyrolysis, major product furfural 
correlates well with strong AlO5 LAS or BAS, furan and BTX with medium strength 
BAS, and naphthalene with medium strength AlO6 LAS. Indene peaks at 5% Al2O3/SiO2, 
which suggests a correlation with the second strongest BAS, but the trend is not 
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completely clear. In general, xylose pyrolysis trends indicate that weaker acid site 
strength is needed, which is likely due to the polymer linkages in xylan. 
 
Chapter 6 - Catalytic Pyrolysis of Lignin 
Results of in situ and operando spectroscopy experiments during lignin pyrolysis 
revealed that there is only one reaction intermediate on the catalyst surface, a conjugated 
alkene, which is thought to be an intermediate to coke formation. Aromatic 
polymerization was experimentally observed to be the major catalyst deactivation 
pathway that led to graphite-like aromatic coke. The major pyrolysis products of non-
catalytic and catalytic lignin pyrolysis were determined to be the result of 
depolymerization, cracking, and cleavage of the amorphous lignin structure.  Supported 
Al2O3/SiO2 catalysts favored the cleavage of lignin methoxy groups and the C-C bonds of 
alkene ligands to enhance the production of phenol and 2-methoxyphenol. Zeolite 
catalysts appear to further react the depolymerized lignin species to benzene, toluene, and 
xylene, probably due to confinement within their mircropores. For catalytic lignin 
pyrolysis, all key products correlated with strong surface AlO4 BAS sites. This further 
supports the idea of a single depolymerization/cracking mechanism.  
 
Chapter 7 – Catalytic Pyrolysis of Biomass 
In situ and operando spectroscopy experiments during wood pyrolysis revealed that 
there are two reaction intermediates on the catalyst surface, furan and conjugated alkene, 
which are thought to be intermediates to coke formation. Aromatic polymerization 
appears to be the major catalyst deactivation pathway that leads to graphite-like aromatic 
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coke. The previously observed mechanisms methylation of larger aromatics, aromatic 
polymerization, coke cracking/depolymerization into aromatics, selective lignin bond 
breaking, and anhydrosugars dehydration are also observed with woody biomass. The 
HZSM-5 catalyst favored production of 6-membered ring aromatics while the supported 
Al2O3/SiO2 catalysts tended to mostly yield production of phenolics.  For catalytic wood 
pyrolysis, all key products did not exhibit a clear trend related to a specific catalytic 
active site or acid site nature. These results indicate that operando spectroscopy is most 
powerful when utilized with simpler systems such as biomass components 
 
General Conclusions 
It has been demonstrated that operando spectroscopy methods can be adapted to 
biomass conversion in order to understand the dynamic evolution of the catalyst 
structure, biomass structure, surface reaction intermediates, and reaction products. The 
conversion of cellulose, hemicellulose, and their monomers was shown go involve 
several reaction intermediates, which partially differ between the two fractions. Less 
reaction intermediates were observed for wood pyrolysis. Lignin conversion was 
determined to be a result of the selective depolymerization or cracking of the amorphous 
lignin structure and does not involve reaction intermediates. For the first time, surface 
AlOx acid sites were correlated with specific pyrolysis products. It was demonstrated that 
monomer sugars utilized different active sites compared to larger polymer sugars due to 
the presence of monomer linkages.  
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2. Future Outlook 
The lack of a suitable well-defined catalyst with known molecular structure(s) has 
hampered the development of catalyst structure-activity relationships for catalytic 
biomass pyrolysis. As reviewed in Chapter 1, HZSM-5 zeolites are highly utilized in the 
catalytic biomass pyrolysis literature, but the complex structure of these catalysts 
prevents true structure-activity relationships between one or more catalytic active sites 
and a desired product from being established. The critical step forward to unravel exactly 
how solid acid catalysts convert biomass into fuels will require the development of single 
site catalysts that are even simpler than the catalysts developed in this dissertation. Ideal 
single site catalysts will unravel exactly how, for example, AlO4 or AlO6 acid sites 
depolymerize biomass components and successively react the fragments into value-added 
chemicals. 
In addition to single site catalysts, the full gamut of biomass components, biomass 
monomers, and main pyrolysis products should be explored for their reaction pathways. 
Studying the reaction mechanisms of main pyrolysis products, such as furfural, 2-
methoxyphenol, and levoglucosan, will provide fundamental information about 
secondary reactions that can occur from product re-adsorption. This is also necessary to 
determine how these products react when confined in zeolite pores and how they 
contribute to the proposed “hydrocarbon pool.” Several studies have investigated model 
compounds, but all catalytic studies involve complicated zeolites which hinder the 
development of structure-activity relationships.
120-122, 128, 268
 Model compounds and 
biomass components should be studied using the simplest catalysts to avoid 
complications from a hydrocarbon pool and micropore confinement effects. 
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Finally, development of the operando spectroscopy method for biomass conversion 
will provide the ultimate data set that includes real-time catalyst/biomass monitoring and 
product analysis. Ideally, the best operando spectroscopy system for biomass pyrolysis 
will utilize a GC-MS product detection method that could sample the pyrolysis vapors 
every ~25
o
C and perform a full quantitative GC-MS analysis of all products.  This could 
be achieved by the use of multiple traps to store each vapor sample until GC-MS analysis 
can be performed, or, on an unlimited budget, could be achieved by employing multiple 
GC-MS systems. The best spectroscopy technique to include in the operando system is 
probably IR spectroscopy due to the commercial availability of high end systems and 
wealth of information it provides on reaction intermediates, biomass structure, and 
catalyst structure. However, the development of a high field operando NMR 
spectroscopy system would be ideal for studying the dynamics of Al catalytic active sites 
during pyrolysis. If single site catalysts can be designed, then existing operando X-ray 
absorption spectroscopy (XAS) techniques can be utilized to study the molecular 
structure of the catalytic active site during reaction. Since XAS techniques average all 
catalytic active sites of the same element, development of a single site catalyst is 
necessary in order to take advantage of XAS availability.  
Catalytic biomass pyrolysis may not be the best solution to achieve sustainable 
liquid fuel production, but the simplicity of technology required and quality of liquid bio-
oil produced shows promise for decreasing our dependence on finite fossil fuels. The 
scientific community is not yet at a point where the best catalytic biomass conversion 
technology, or even the best catalyst for existing technologies, can be determined. Thus, 
research must continue to explore all aspects of producing sustainable energy. The 
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research in this dissertation is intended to be the first small step in determining how 
catalysts convert biomass to fuels at the level of individual catalytic active sites. 
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Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation" 
 2nd Place – November 2008 AIChE Annual Meeting Undergraduate Poster Session - Catalysis 
& Reaction Engineering Section (2008)  
 Invitation only undergraduate Chem. Eng. class, Opportunities for Student Innovation, 
Lehigh University (2008-2009) 
PUBLICATIONS 
1. “Monolayer Systems,” I.E. Wachs and C.J. Keturakis, Comprehensive Inorganic Chemistry 
II: From Elements to Applications, 2013, Chapter 7.06, 131-151 (DOI: 10.1016/B978-0-08-
097774-4.00717-8) 
2. “Anomalous Reactivity of Supported V2O5 Nanoparticles for Propane Oxidative 
Dehydrogenation: Influence of the Vanadium Oxide Precursor,” C. A. Carrero, C.J. 
Keturakis, A. Orrego, R. Schomäker, I. E. Wachs, Dalton Transactions, 2013, 42, 12644-
12653 
3. “Spectroscopic characterization of mixed Fe-Ni oxide electrocatalysts for the oxygen 
evolution reaction in alkaline electrolytes,” J. Landon, E. Demeter, N. Inoglu, C.J. 
Keturakis, I. E. Wachs, R. Vasic, A. I. Frenkel, J. R. Kitchin, ACS Catalysis, 2012, 2, 1793-
1801. 
4. “Monitoring Solid Oxide CO2 Capture Sorbents in Action,” C. J. Keturakis, M. Spicer, F. 
Ni, M. G. Beaver, H. S. Caram, I. E. Wachs, accepted, ChemSusChem, 2014, 7, xxxx-xxxx. 
5. “Analysis of Ancient Silver Coin Corrosion with High Resolution Surface Spectroscopic 
Techniques,” C. J. Keturakis, B. Notis, A. Blenheim, A. Miller, R. Pafcheck, M. Notis, I. E. 
Wachs, in revision, JAAS. 
6.  “Structure and Chemical Nature of Surface AlOx Sites on Supported Al2O3/SiO2 Catalysts 
Treated at High Temperatures,” O. B. Lapina, V. V. Terskikh, A. A. Shubin, E. 
Papulovskiy, I. V. Yudaev, E. A. Paukshtis, C.J. Keturakis and I. E. Wachs, submitted to 
JACS. 
7. “Molecular structures of surface ReOx sites on Al2O3 and their structure-reactivity 
relationships for olefin methathesis,”  S. Lwin, C. Keturakis, J. Handzlik, P. Sautet, Y. Li, A. 
I. Frenkel, I. E. Wachs, in revision, ACS Catalysis. 
8.  “New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-XPS-MS Investigation,” C. J. Keturakis, 
E. Gibson, R. Vasic, A. Frenkel, M. Daturi, F. Tao, and I. E. Wachs, in preparation. 
9. “A Decade of Operando Molecular Spectroscopy,” I. E. Wachs, C. J. Keturakis, S. Lwin, Y. 
Tang, M. Zhu, A. Chakrabarti, M. Ford, D. Gregory, Z. Yang, and R. Hu, in preparation. 
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10. “Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis,” C. J. Keturakis 
and I. E. Wachs, in preparation. 
ORAL PRESENTATIONS 
1. "Influence of Precursor on the Formation of V2O5 Nanoparticles and Their Role in the 
Oxidative Dehydrogenation of Propane over Supported Vanadium Oxide Catalysts," C. 
Carrero, Christopher J. Keturakis, A. Orrego, R. Schomäker, I. E. Wachs, March 2013, The 
Catalysis Society of Metropolitan New York Spring Symposium, Princeton University 
2. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation,” Christopher J. 
Keturakis, E. Gibson, R. Vasic, A. Frenkel, M. Daturi, F. Tao, and I. E. Wachs, August 
2012, 244th ACS National Meeting, Philadelphia, PA 
3. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation,” Christopher J. 
Keturakis, E. Gibson, R. Vasic, A. Frenkel, M. Daturi, F. Tao, and I. E. Wachs, April-May 
2012, Operando IV: 4th International Congress on Operando Spectroscopy, Brookhaven 
National Laboratory 
4. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation,” Christopher J. 
Keturakis, E. Gibson, R. Vasic, A. Frenkel, M. Daturi, F. Tao, and I. E. Wachs, March 
2012, Catalysis Club of Philadelphia Meeting, - INVITED 
5. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation,"  Christopher J. 
Keturakis, E. Gibson, R. Vasic, A. Frenkel, M. Daturi and I. E. Wachs, June 2011, 22nd 
North American Catalysis Society Meeting, Detroit, MI 
6. "An In Situ Raman and Operando IR Investigation of Supported Na2O/Al2O3 for 
Reversible CO2 Capture," Christopher J. Keturakis, M. G. Beaver, F. Ni, H. S. Caram, and 
I. E. Wachs, June 2011, 22nd North American Catalysis Society Meeting, Detroit, MI 
7. "Utilizing Raman and IR spectroscopies to investigate supported Na2O/Al2O3 and K2CO3-
promoted hydrotalcite for reversible CO2 capture," Christopher J. Keturakis, M. G. Beaver, 
H. S. Caram, and I. E. Wachs, March 2011, 241st ACS National Meeting, Anaheim, CA 
POSTER PRESENTATIONS 
1. "Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis," C. J. Keturakis, 
O. B. Lapina, and I. E. Wachs, October 2014, Catalysis Club of Philadelphia Annual 
Student Poster Contest 
2. "Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis," C. J. Keturakis, 
O. B. Lapina, and I. E. Wachs, March 2014, The Catalysis Society of Metropolitan New 
York Spring Symposium - 3
rd
 PLACE 
3. "Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis," C. J. Keturakis, 
O. B. Lapina, and I. E. Wachs, October 2013, Catalysis Club of Philadelphia Annual 
Student Poster Contest - 2
nd
 PLACE 
4. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation," C. J. Keturakis, E. 
Gibson, M. Daturi, R. Vasic, A. Frenkel, F. Tao, and I. E. Wachs, October 2012, Catalysis 
Club of Philadelphia Annual Student Poster Contest - 2
nd
 PLACE 
5. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation," C. J. Keturakis, E. 
Gibson, M. Daturi, R. Vasic, A. Frenkel, F. Tao, and I. E. Wachs, March 2012, The 
Catalysis Society of Metropolitan New York Spring Symposium 
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6. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-XAS-MS Investigation," C. J. Keturakis, E. 
Gibson, M. Daturi, R. Vasic, A. Frenkel, and I. E. Wachs, Nov. 2011, Catalysis Club of 
Philadelphia Annual Student Poster Contest 
7. "A Raman and IR Investigation of Supported Na2O/Al2O3 and K2CO3-Promoted 
Hydrotalcite for Reversible CO2 Capture," C. J. Keturakis, M. G. Beaver, H. S. Caram, and 
I. E. Wachs, March 2011, The Catalysis Society of Metropolitan New York Spring 
Symposium 
8. "A Raman and IR Investigation of Supported Na2O/Al2O3 and K2CO3-Promoted 
Hydrotalcite for Reversible CO2 Capture," C. J. Keturakis, M. G. Beaver, H. S. Caram, and 
I. E. Wachs, October 2010, Catalysis Club of Philadelphia Annual Student Poster Contest 
9. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-MS Investigation," C. J. Keturakis, I. E. 
Wachs, and M. Daturi, June 27-July 2, 2010, Gordan Research Conference: Catalysis 
10. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-MS Investigation," C. J. Keturakis, I. E. 
Wachs, and M. Daturi, June 2010, 21st International Symposium on Chemical Reaction 
Engineering 
11. "New Insights into the Water-Gas Shift Reaction over Bulk Cr2O3*Fe2O3 Mixed Oxide 
Catalysts: A Combined Operando Raman-IR-MS Investigation," C. J. Keturakis, I. E. 
Wachs, and M. Daturi, March 2010, The Catalysis Society of Metropolitan New York 
Spring Symposium 
12. "The High Temperature Water-Gas Shift Over Supported CrO3/Fe2O3 Catalysts," C. J. 
Keturakis, I. E. Wachs, and M. Daturi, March 2009, Catalysis Club of Philadelphia Annual 
Student Poster Contest 
13. "The High Temperature Water-Gas Shift Over CrO3/Fe2O3 Catalysts," C. J. Keturakis, I. E. 
Wachs, and M. Daturi, November 2008, AIChE Annual Meeting Undergraduate Poster 
Session - 2
nd
 PLACE 
STUDENTS SUPERVISED (PAST 5 YEARS) 
 G. Dormevil | B.S. in ChE 2013 Lehigh U. | PwC Consulting 
 A. Fink | B.S. in ChE  2014 Lehigh U. | W. R Grace and Company 
 J. Gaylord | B.S. in ChE 2011 Lehigh U. | current student at George Washington University 
Law School 
 M. Gross | B.S. in ChE 2011 at Lehigh U. | Dupont 
 E. Macuil | current ChE undergraduate at Lehigh U. 
 S. O’Keefe | B.S. in BioE 2012 Lehigh U.|  Flatley Discovery Laboratory & Boston Medical 
Center 
 L. Sabino | current ChE undergraduate at Lehigh U.  
 J. Schardt | B.S. in BioE 2013 Lehigh U. | current student at U. Maryland, Ph.D. in Bio. E. 
2018 
 D. Smith | B.S. in ChE 2013 Lehigh U. | ExxonMobil 
 M. Spicer | B.S. & M.S. in Envr. E. 2014 Lehigh U. | current student at U. Pitt, Ph.D. in Envr. 
E. 2018 
 C. Walker | current ChE undergraduate at Lehigh U. 
